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FOmWORD 

A n  exploratory experimental and theo re t i ca l  inves t iga t ion  of gaseous nuclear 
rocket technology i s  being conducted by the  United Aircraf t  Corporation Research 
Laboratories under Contract NMW-847 with the j o i n t  AEC-NASA Space Nuclear Propulsion 
Office.  
(USAF). 
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Experimental Invest igat ion of Flow Pat te rns  

i n  Radial-Outflow Vortexes Using a Rotating- 

PeriDheral-Wall Water Vortex Tube 

SUMMARY 

Experiments were conducted using a water vortex t o  inves t iga te  t h e  conditions 
under which turbulence e x i s t s  i n  radial-outflow vortexes with and without super- 
imposed a x i a l  flow. 
r o t a t i n g  porous per ipheral  wall, a 1.0-in.  -dia ro t a t ing  inner porous tube located 
on t h e  center l ine,  and end walls t h a t  could be ro ta ted  with the  per iphera l  w a l l  o r  
held s ta t ionary .  In  t h e  tests without superimposed axial flow (bas ic  vortex con- 
f igu ra t ion ) ,  p l a i n  end walls were used. 
tube, flowed r a d i a l l y  outward, and w a s  withdrawn through t h e  ro t a t ing  porous 
per iphera l  w a l l .  
f i gu ra t ion ) ,  one p l a i n  end w a l l  and one end w a l l  wi th  a 3/4-in.-wide annulus near 
i ts  outer  edge were used. 
e i t h e r  (1) only through t h e  inner  porous tube,  (2 )  through both t h e  inner  porous 
tube and t h e  r o t a t i n g  porous per ipheral  w a l l ,  o r  (3 )  only through t h e  ro t a t ing  
porous per iphera l  w a l l .  

The vortex t e s t  apparatus used had a 10-in.-dia by 30-in.-long 

Flaw was in jec ted  thrcugh t h e  inner porous 

In  t h e  tes ts  w i t h  superimposed axial flow (axial-flow vortex con- 

Flow was withdrawn through t h e  annulus and was in jec ted  

The cha rac t e r i s t i c s  of t he  flow were determined from observations and micro- 
f l a s h  photographs of dye pa t te rns  f o r  d i f fe ren t  combinations of t h e  flow conditions 
(values of tangent ia l ,  radial  and axial-flow Reynolds numbers) and t h e  per ipheral-  
w a l l ,  inner-porous-tube and end-wall ro t a t ion  speeds. Tangential  ve loc i ty  p r o f i l e s  
were measured f o r  some basic-vortex flow conditions by means of a photographic 
p a r t i c l e - t r a c e  method using small, neut ra l ly  buoyant polystyrene spheres. Summary 
p l o t s  ind ica t ing  c r i t e r i a  f o r  the  flow conditions t h a t  lead t o  laminar, a l t e rna t ing  
laminar and turbulen t ,  and turbulent  flow patterns were constructed f o r  both vortex 
configurations.  

The results of t h e  t e s t s  ind ica te  tha t  radial-outflow vortexes are general ly  
character ized by turbulence with la rge  eddies tha t  convect f l u i d  from t h e  cen t r a l  
region of t h e  vortex t o  near t h e  per ipheral  w a l l .  These flow pat terns  e x i s t  f o r  
both bas ic  and axial-f low vortex configurations and f o r  wide ranges of t he  flow 
conditions.  Laminar flow was encountered only with low rates of radial  outflow 
and low superimposed a x i a l  ve loc i t i e s .  Rotation of t h e  end w a l l s  had a s i g n i f i -  
cant e f f e c t  on t h e  flow pa t te rns  i n  t h e  bas ic  vortex configuration f o r  a l i m i t e d  
range of t h e  f low conditions; ro t a t ion  of t he  inner porous tube had no s ign i f i can t  

1 
1 



e f fec t .  Rotation of t he  inner  porous tube and end w a ' l l s  had no s ign i f i can t  e f f ec t  
* on t h e  f l o w  pa t te rns  i n  t he  axial-flow vortex configuration. 
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RESULTS AND CONCLUSIONS 

Basic Vortex Configuration 

With s t a t iona ry  end walls and no f l u i d  in jec t ion  through t h e  s t a t iona ry  
inner porous tube ( r a d i a l  Reynolds number, Re, = 0) ,  t h e  flow i n  t h e  
rotat ing-peripheral-wal l  vortex tube  was laminar a t  a l l  r a d i i .  

For t h e  same configuration as (1) (s ta t ionary  end w a l l s  and s t a t iona ry  
inner  porous tube)  but w i t h  f l u i d  in jec t ion  through the  porous tube ( e .g . ,  

Re, = -3O*), t he  flow was laminar from the center l ine  t o  a radius  of 
approximately r = 2.5 t o  3.5 i n .  and was turbulent  a t  l a rge r  r a d i i .  The 
r a d i a l  extent  of t h e  laminar flow depended upon and t h e  t angen t i a l  
Reynolds number, Re+,o . 
For t h e  same configuration as (1) and ( 2 )  ( s t a t iona ry  end walls and sta- 
t i ona ry  inner porous tube)  but  i n  a jet-driven vortex tube (nonrotating 
per iphera l  wall), t h e  flow was previously observed t o  be turbulen t  a t  a l l  
r a d i i ,  ind ica t ing  t h a t  j e t  i n j ec t ion  has a detr imental  e f f e c t  on the  
e n t i r e  flow f i e l d .  

Re, 

For t h e  configuration of ( 2 )  but  with the end w a l l s  r o t a t ing  with t h e  
per iphera l  w a l l  ins tead of s ta t ionary ,  the flow was laminar a t  a l l  r a d i i  
f o r  small amounts of outflow ( Re, > -37) a t  t angen t i a l  Reynolds numbers 
up t o  Re+,o = 3O0,OOO. For l a rge r  amounts of outflow and/or l a rge r  tan-  
g e n t i a l  Reynolds numbers (values of Re, t o  -110 and Re+,o t o  330,000 were 
inves t iga ted) ,  t h e  flow w a s  a t  least  par t ly  turbulen t .  
range of flow conditions, t h e  flow osc i l la ted  between laminar and turbulen t .  
Thus, t h e  bene f i c i a l  e f f ec t s  of end-wall ro t a t ion  on radial-outflow flow 
pa t te rns  i n  bas ic  vortex configurations are  l imited t o  flow conditions 
with small amounts of r a d i a l  outflow. 

Within a small 

For t h e  configuration of (2 )  but  with the inner porous tube ro t a t ing  
instead of s ta t ionary ,  t he  flow was  completely turbulent  for a l l  r a t i o s  
of peripheral-wall  speed t o  inner-porous-tube speed. With inner porous 
tube and end w a l l s  ro ta t ing ,  the  turbulence was  decreased but  could not 
be eliminated by very la rge  peripheral-wall  speeds. 

* Negative values of Re, ind ica te  r a d i a l  outflow; t h e  more negative Re, , t h e  
l a r g e r  t h e  amount of r a d i a l  outflow. 

3 



Axial-Flow Vortex Configuration 

(1) The axial-flow Reynolds number, ReZlw , and the  r a t i o  of average axial  
veloci ty  i n  t h e  vortex t o  the  ve loc i ty  of t h e  r o t a t i n g  per iphera l  w a l l ,  
V z l w / V + l o  , 
t h e  flow pa t t e rns .  For r a d i a l  outflows, t h e  r a d i a l  Reynolds number, Re, , 
and the condition of t h e  end walls and t h e  inner porous tube ( i . e . ,  
whether s t a t iona ry  o r  r o t a t i n g )  had very l i t t l e  e f f e c t  on t h e  f l o w  pa t t e rns .  

were observed t o  be t h e  two major parameters which a f f ec t ed  

( 2 )  For values of ReZlw l e s s  than 3,000 and vz,w / VQ,O l e s s  than  0.01, 
( i . e . ,  f o r  small amounts of axial  flow), the  flow was laminar from the  
center l ine t o  a radius  of approximately r = 2.5 i n .  and was turbulent  
a t  larger  r a d i i .  

(3 )  For values of ReZlw and v z , w / V + l ~  grea te r  than i n  ( 2 )  above (values 

Thus, t h e  flow i n  t h e  c e n t r a l  region of a r ad ia l -  
up t o  21,000 and 0.3, respect ively,  were inves t iga ted) ,  t h e  flow was t u r -  
bulent a t  a l l  r a d i i .  
outflow, axial-flow vortex is laminar only f o r  small amounts of a x i a l  flow. 

(4) The turbulent  flow observed f o r  values of ReZlw grea ter  than 3,000 and - 
Vz,w / V + l ~  
mately the  s i z e  of half  t he  radius of t h e  vortex tube)  
azimuthal ( r - 4  ) and axial  ( r - Z  ) planes.  These eddies convect f l u i d  
rapidly from t h e  c e n t r a l  region of t h e  vortex t o  near the  per iphera l  w a l l .  

g rea te r  than 0.01 was characterized by l a rge  eddies (approxi- 
i n  both t h e  

( 5 )  A l imited number of t e s t s  of radial- inf low vortexes with a x i a l  flow 
(vortexes i n  which a port ion of t h e  flow is removed through t h e  thru-flow 
ports  a t  t he  centers of the  end w a l l s )  were a l s o  conducted i n  the  ro ta t ing-  
peripheral-wall  vortex t e s t  apparatus. Laminar flow was observed i n  the  
cent ra l  region, even a t  l a rge  values of ReZ,,,, 
outflow vortexes were observed t o  be turbulen t .  

and Vz ,W/ V+,o where r a d i a l -  

4 



INTRODUCTION 

An experimental and t h e o r e t i c a l  invest igat ion of gaseous nuclear rocket 
technology is being conducted by the  United Aircraf t  Research Laboratories under 
Contract NASw-847 administered by t h e  j o i n t  AEC-NASA Space Nuclear Propulsion 
Office.  The research performed under t h i s  contract is appl icable  t o  two vortex- 
s tabi l ized gaseous nuclear rocket concepts : the open-cycle engine concept and the  
nuclear l i g h t  bu4b concept. 

In  t h e  open-cycle concept,hydrogen propellant is  in jec ted  from t h e  per iphera l  
wall  of t h e  rocket chamber t o  dr ive the  vortex.  It then flows axially i n  a narrow 
region near t h e  per ipheral  w a l l  i n t o  an  exhaust annulus a t  one end of t h e  chamber 
md through t h e  exhaust nozzle. Gaseous nuclear f u e l  is  contained i n  the  cen t r a l  
region of t h e  vortex flow. Heat i s  t ransferred by thermal r ad ia t ion  from t h e  
gaseous nuclear f u e l  t o  the  hydrogen propellant passing over t he  f u e l  region. 
Details of t he  engine concept -- including the f l u i d  mechanics, heat t r ans fe r ,  
nucleonics and s t r u c t u r e  -- a r e  described i n  Ref. 1. 

In  t h e  nuclear l i g h t  bulb concept, propellant is heated by thermal r ad ia t ion  
passing through an in t e rna l ly  cooled transparent w a l l  located between t h e  f u e l  and 
t h e  propel lan t .  Coolant gas t o  dr ive  a vortex is in jec ted  tangent t o  t h e  inner  sur- 
face  of t h e  t ransparent  per ipheral  w a l l .  I n  the nuclear l i g h t  bulb, a vortex flow 
pa t t e rn  i s  u t i l i z e d  t o  contain gaseous nuclear f u e l  and keep it away from the  t rans-  
parent wall. 

Two fac to r s  which determine the  flow pat terns  i n  confined vortexes a r e  (1) 
whether o r  not t he re  is a superimposed a x i a l  flow near t he  per iphera l  w a l l ,  and 
( 2 )  whether o r  not t h e  ne t  flow of f l u i d  is r ad ia l ly  inward o r  outward with respect  
t o  t h e  cen te r l ine  of t h e  vortex.  In  a vortex with superimposed axial  flow, f l u i d  
is  in j ec t ed  a t  t h e  per iphera l  w a l l  and is withdrawn through an annulus located near 
t h e  outer  edge of one end w a l l .  The radial-inflow vortex is  formed by removing a 
small amount of f l u i d  through ports  a t  t h e  centers of t h e  end w a l l s .  The radial-  
outflow vortex a l s o  is formed by in j ec t ing  f l u i d  a t  the per iphera l  wall, but  i n  t h i s  
case some f l u i d  is  a l so  in jec ted  through t h e  ports a t  t h e  centers  of the end walls. 

Flow v i sua l i za t ion  t e s t s  of radial-inflow vortexes (Refs. 2 and 3) have ind i -  
cated t h a t  t h e  flow i n  the  c e n t r a l  region can be r e l a t i v e l y  laminar and, hence, may 
lead  t o  s a t i s f a c t o r y  containment of gaseous nuclear f u e l .  However, two-component- 
gas t e s t s  with radial- inf low vortexes (Refs. 4, 5 ,  and 6) have indicated t h a t  the 
densi ty  of t h e  heavy gas i n  the  simulated fuel-containment region of t h e  vortex 
( i . e . ,  t h e  r e l a t i v e l y  laminar c e n t r a l  region) can be only s l i g h t l y  grea te r  than 
t h a t  of t h e  surrounding l i g h t  gas before i n s t a b i l i t i e s  and turbulence occur. I n  an 
open-cycle engine t h e  densi ty  of the  f u e l  must be  considerably g rea t e r  than that of 
t h e  surrounding propel lant ;  performance s tudies  ind ica t e  t h a t  t h e  fuel- to-propel lant  
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dens i ty  r a t io s  a t t a inab le  with a radial- inf low vortex a r e  not l a r g e  enough f o r  such 
an engine. 
such as neon between t h e  f u e l  and the  t ransparent  w a l l ,  radial- inf low vortexes 
appear su i tab le  f o r  nuclear l i g h t  bulb engines. 

However, s ince  the  nuclear l i g h t  bulb engine could u t i l i z e  a heavy gas 

I n i t i a l  flow v i sua l i za t ion  t e s t s  of radial-outflow vortexes (Ref. 2 )  indicated 
that  t h e  f l o w  was turbulent  i n  the  c e n t r a l  region. However, two-component-gas t e s t s  
(Refs. 5 and 6) indicated that the  densi ty  of the  heavy gas i n  t h e  s imulated fue l -  
containment region could be increased t o  a value subs t an t i a l ly  grea te r  t han  t h e  
densi ty  of t h e  surrounding l i g h t  gas. However, very few measurements have been made 
of heavy-gas loss r a t e s ,  pa r t i cu la r ly  f o r  conditions with la rge  amounts of super- 
imposed ax ia l  flow. Thus, f u r t h e r  research was required t o  determine whether 
radial-outflow vortexes would be s u i t a b l e  f o r  appl ica t ion  t o  an open-cycle engine. 

Three d i f f e ren t  experimental invest igat ions were conducted concurrently t o  
inves t iga te  t h e  cha rac t e r i s t i c s  of radial-outf  low vortexes f o r  p o t e n t i a l  appl ica-  
t i o n  t o  an open-cycle engine. The r e s u l t s  of flow v isua l iza t ion  t e s t s  directed 
toward obtaining fundamental information on flow s t a b i l i t y  and flow pa t te rns  i n  
radial-outflow vortexes a r e  presented i n  t h i s  r epor t .  The r e s u l t s  of an explora- 
t o r y  invest igat ion that included flow v i sua l i za t ion  t e s t s ,  f low-field ve loc i ty  
measurements and heavy-gas containment tes ts  are reported i n  Ref. 7. The results 
of heavy-gas containment t e s t s  conducted a t  Reynolds numbers up t o  those t h a t  would 
be required i n  a fu l l - sca l e  engine a r e  reported i n  Ref. 8. A s m a r y  of t h e  p r inc i -  
p a l  r e su l t s  of the  f l u i d  mechanics research conducted under Contract NASw-847 and a 
comparison of t h e  observed flow cha rac t e r i s t i c s  with those t h a t  would be required i n  
both an open-cycle engine and a nuclear l i g h t  bulb engine a r e  presented i n  Ref. 9. 

Background and Objectives of This Invest igat ion 

Previous t e s t s  of radial-outflow water vortexes driven by f l u i d  in j ec t ion  
through s lo t s  and jets i n  a s t a t iona ry  per iphera l  w a l l  have indicated the  exis tence 
of subs tan t ia l  amounts of turbulence (Ref. 2 ) .  Two possible  sources of t h i s  tilrbu- 
lence were recognized: (1) mixing caused by t h e  high-momentum f l u i d  in j ec t ed  a t  
t he  peripheral  wall, and ( 2 )  an i n s t a b i l i t y  that might be inherent with the  flow 
of f l u i d  r ad ia l ly  outward from t he  center l ine  of t h e  vortex. To el iminate  the  f i r s t  
of these  two possible  sources, a rotat ing-peripheral-wal l  water-vortex apparatus 
was constructed i n  which the  f l u i d  enters  o r  leaves a t  very low ve loc i t i e s  r e l a t i v e  
t o  t h e  moving w a l l  of t h e  vortex tube (and hence with low turbulence)  through a 
l a rge  number of small holes d r i l l e d  normally through the  per iphera l  w a l l .  
o ther  features ,  a ro t a t ing  inner porous tube  and end walls t h a t  can be ro ta ted  o r  
held s ta t ionary,  were a l s o  included i n  t h e  new apparatus t o  permit inves t iga t ion  of 
t he  e f fec ts  of t hese  fac tors  on t h e  flow pa t te rns .  Both bas ic  vortexes (no axial 
flow) and vortexes with superimposed a x i a l  flow can be invest igated with t h i s  
apparatus.  

Two 
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The object ives  of t h e  inves t iga t ion  reported herein were (1) t o  determine 
whether t h e  turbulence t h a t  i s  observed i n  radial-outflow vortexes i s  caused by 
f l u i d  in j ec t ion  a t  t he  per iphera l  w a l l  o r  by an i n s t a b i l i t y  inherent with the  flow 
of f l u i d  r a d i a l l y  outward from the  cen te r l ine  of t h e  vortex, ( 2 )  t o  develop c r i t e r i a  
f o r  t he  flow conditions t h a t  l ead  t o  turbulence, and (3)  t o  determine whether a 
r o t a t i n g  per iphera l  wall, a ro t a t ing  inner porous tube, and ro t a t ing  end walls have 
s ign i f i can t  e f f e c t s  on t h e  flow pa t t e rns .  

I 
i 
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DESCRIPTION OF EQUIPMENT AND PROCEDURES 

Description of T e s t  Equipment 

Vortex Tube 

The transparent-wall  water vortex apparatus used i n  t h i s  inves t iga t ion  had a 
r o t a t i n g  per ipheral  wall ,  a ro t a t ing  inner porous tube, and end walls t h a t  could be 
r o t a t e d  with t h e  per ipheral  w a l l  o r  held s t a t iona ry .  A photograph of t h e  apparatus 
i s  shown in  F ig .  1. The vortex w a s  contained within a lO-in.-ID by 3O-in.-long 
r o t a t i n g  l u c i t e  cylinder ( t h e  per ipheral  w a l l )  having 16,000 holes of 0.062-in.-dia 
d r i l l e d  normally through t h e  w a l l .  This r o t a t i n g  per iphera l  w a l l  (Fig.  1) was s u r -  
rounded by a 14-in.-ID s ta t ionary  l u c i t e  cyl inder  t h a t  formed a plenum f o r  i n j e c t -  
ing or  withdrawing water through the  holes i n  t h e  per iphera l  w a l l .  
could be operated with or  without a separa te ly  driven inner porous tube (not  
i n s t a l l e d  when t h e  photograph i n  Fig.  1 was taken) .  
fabr icated from porous metal and had an OD of 1.0 i n .  
driven by a 3/4-hp d-c motor with a variable-speed con t ro l l e r  which regulated 
ro t a t iona l  speed t o  2 1  percent from 40 t o  456 rpm. 
driven by a 1/4-hp d-c motor with a similar variable-speed cont ro l le r  t h a t  pro- 
vided regulat ion t o  within 2 1  percent from 100 t o  2400 rpm. The end-wall dr ive 
spool (see Fig.  1) could be locked t o  the  peripheral-wall  dr ive o r  t o  t h e  t e s t  
s tand.  This allowed the  end w a l l  t o  be ro t a t ed  with the  per iphera l  w a l l  o r  held 
s ta t ionary .  

The apparatus 

The inner  porous tube  was  
The per ipheral  w a l l  was 

The inner porous tube w a s  

Experiments were conducted using vortex tube configurations with and without 
superimposed a x i a l  flow. Details of t h e  configurations invest igated a r e  shown i n  
Fig.  2 and sketches of t h e  f l u i d  in j ec t ion  methods used a r e  shown i n  Fig.  3. In  
t e s t s  without superimposed a x i a l  flow ( t h e  bas ic  vortex configuration, Fig.  2a)  
p l a in  l u c i t e  end walls were used. 
por t s  a t  the  centers of t he  end walls o r  through the  1- in . -dia  inner  porous tube; 
f l u i d  was withdrawn through the  ro t a t ing  porous per iphera l  w a l l  (Fig.  3a). 
with Superimposed a x i a l  flow ( t h e  axial-flow vortex configuration, F ig .  2b) one 
p l a i n  l u c i t e  end w a l l  and one l u c i t e  end w a l l  with a 3/4-in.-wide annulus near i t s  
outer  edge were used. Flow w a s  withdrawn through t h e  annulus a t  t h e  axial-flow end 
w a l l  and was in jec ted  e i t h e r  (1) only through the inner porous tube, ( 2 )  only 
through the ro t a t ing  porous per ipheral  w a l l ,  or  ( 3 )  through both t h e  inner  porous 
tube and the ro ta t ing  porous per iphera l  w a l l  (F ig .  3b) .  

Fluid was in jec ted  i n t o  the  vortex tube through 

I n  t e s t s  

Tests were a l s o  conducted using t h e  2144-port-injection vortex tube of R e f .  2 
( a  jet-driven vortex)  with addi t iona l  f l u i d  in j ec t ion  through an inner porous t u b e .  
The r e su l t s  of these  t e s t s  a r e  discussed i n  t h e  Appendix. This vortex tube had a 
s ta t ionary  per iphera l  w a l l  with 2144 i n j e c t i o n  ports  of 0.060-in. dia;  t h e  inward 
in j ec t ion  angle f o r  a l l  ports  was 19 deg measured with respect  t o  t h e  tangent a t  
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t h e  w a l l  a t  t h e  point  of in jec t ion .  
i n j ec t ion  vortex tube is given i n  Ref. 2. 

A complete descr ip t ion  of t h e  21b-por t -  

Tangential  ve loc i t i e s  i n  t h e  primary-flow region of t h e  vortex were measured 
The ve loc i t i e s  were determined from the-exposure  f o r  some flow conditions.  

photographs of neut ra l ly  buoyant polystyrene spheres in jec ted  i n t o  the  flow through 
a spec ia l  por t  located on t h e  inner porous tube near one end w a l l .  
system shown i n  F ig .  4 was used t o  photograph the  p a r t i c l e s .  
contained 20 or 40 s l o t s ,  depending on the  f lashing rate desired,  and was dr iven by 
a variable-speed d-c shunt motor which allowed t h e  f lash ing  r a t e  t o  be var ied from 
60 t o  3000 f lashes  per  sec .  
caused them t o  appear as a s e r i e s  of streaks on a t i m e  exposure (see t y p i c a l  
pa r t i c l e - t r ace  photograph i n  Fig.  5 ) .  
t i o n  of t h e  t angen t i a l  ve loc i t i e s  within t h e  confined vortex without using probes 
which would tend t o  d i s tu rb  the  flow. 

The o p t i c a l  
The chopping d i sc  

In te rmi t ten t  i l lumination of t h e  suspended p a r t i c l e s  

I 

, This technique permitted quan t i t a t ive  evalua- 

Flow Control System 

In  t h e  bas i c  vortex configuration, water was pumped from a s torage tank through 
t h e  i n l e t  pipes leading t o  t h e  ports  i n  t h e  end w a l l s  o r  t o  t h e  inner  porous tube.  
Measurements of t h e  t o t a l  flow in jec ted  i n t o  the vortex tube were made using 
rotameters loca ted  i n  t h e  i n l e t  pipes .  
flow measurements were made f o r  t h e  flow injected through t h e  porous tube.  
in jec ted  through t h e  ro t a t ing  porous per ipheral  w a l l  was measured using a turb ine  
flow meter loca ted  i n  t h e  i n l e t  flow pipe leading t o  t h e  in j ec t ion  plenum surround- 
ing t h e  ro t a t ing  per iphera l  w a l l .  
separate  adjustment of cont ro l  valves located upstream of t h e  inner porous tube and 
peripheral-wall  plenum. 
thermometer located i n  t h e  s torage tank t o  determine the  a c t u a l  kinematic v i scos i ty  
f o r  ca l cu la t ing  Reynolds numbers. 

In  the axial-flow configuration, similar 
The flow 

The desired flow conditions were obtained by 

Measurements of water temperature were made using a 

Optical  System and Flow Visual izat ion Techniques 

Flow v i sua l i za t ion  was provided by in jec t ion  of f luorescent  dye i n t o  the  vor- 
t e x  through t h e  inner porous tube or  through the thru-flow por t s  a t  t h e  centers  of 
both end walls. A sketch of t h e  op t i ca l  system used t o  photograph dye pa t te rns  is 
shown i n  Fig.  4 ( t h e  chopping wheel was not used). Photographs of dye pa t te rns  were 
taken through an end w a l l  of t he  vortex tube with i l luminat ion through an ad jus tab le  
s l i t  (usua l ly  1/4 i n .  w ide ) .  
a l s o  taken through the  s i d e  w a l l  of t he  vortex tube by interchanging t h e  locat ions 
of t h e  camera and l i g h t  source.  A microflash lamp having 0.1-microsecond f l a s h  
per iod was used as t h e  l i g h t  source f o r  photographs of the  dye pa t te rns  taken 
through t h e  end w a l l .  The mercury vapor lamp used as t h e  l i g h t  source f o r  t h e  
photographs taken through t h e  s i d e  w a l l  was powered by a 1-kw d-c power supply. 

Time exposure photographs of t h e  dye pa t te rns  were 
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To se l ec t  t e s t  pa r t i c l e s ,  small quan t i t i e s  of expandable polystyrene spheres 
Those which remained suspended af ter  30 were heated and then  dispersed i n  water.  

minutes were drawn off ,  dr ied and s ized.  Pa r t i c l e s  se lec ted  i n  t h i s  manner were 
almost neutral ly  buoyant. The p a r t i c l e s  used i n  these  t e s t s  ranged i n  diameter 
from 0.033 t o  0.078 in .  

Description of Test  and Data Reduction Procedures 

Range of Flow Conditions Invest igated 

A summary of t h e  canbinations of geometric and flow parameters t h a t  were 
investigated using t h e  bas ic  vortex configuration is  presented i n  Table I. The 
geometric parameters var ied were the  end-wall configuration ( i .e . ,  whether held 
s t a t iona ry  o r  ro ta ted  with the  same speed as the  per iphera l  w a l l )  and inner porous 
tube configuration ( s t a t iona ry  o r  r o t a t i n g ) .  
t angen t i a l  and r a d i a l  Reynolds numbers. The tangent ia l  Reynolds number is  defined 
as 

The flow parameters var ied were t h e  

where No is  the  peripheral-wall  speed i n  rpm and v is the  kinematic v i scos i ty  
f o r  t he  water temperature a t  t he  t i m e  t h e  t e s t s  were conducted. 
speed was varied from No = 40 
t i a l  Reynolds numbers were from 
number is  defined as 

Peripheral-wall  

The r a d i a l  Reynolds 
t o  250 rpm i n  t h e  tes ts ;  t h e  corresponding tangen- 

Retlo = 67,000 t o  410,000. 

Qt 
Re, = - 

2 7rvL  

where 
centers  of t h e  end w a l l s  or through t h e  inner porous tube.  Using t h e  s ign  conven- 
t i o n  adopted, when t h e  ne t  flow is r a d i a l l y  outward i n  t h e  primary flow ( f o r  most 
of t h e  t e s t s  described herein) ,  Re, i s  negative.  For these  cases, t h e  more nega- 
t i v e  Re, t h e  grea te r  t h e  amount of f l u i d  flowing r a d i a l l y  outward. Radial  
Reynolds numbers from 0 t o  -105 were invest igated i n  t h e  bas ic  vortex configuration. 
When t h e  net flow is r a d i a l l y  inward ( i n  some t e s t s  of t he  axial-flow vortex con- 
f igura t ion ,  flow was withdrawn through t h e  ports  a t  the  centers  of t h e  end w a l l s ) ,  
Re, i s  pos i t ive .  

Q, is the  t o t a l  volume flow ra te  of fluid i n j ec t ed  through t h e  ports a t  t h e  

A summary of t h e  flow conditions t h a t  were invest igated using t h e  axial-f low 
vortex configuration i s  presented i n  Table 11. This t a b l e  is  divided i n t o  four  
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sect ions,  each l i s t i n g  t h e  combinations of geometric and flow parameters i nves t i -  
gated f o r  t h e  respec t ive  f l u i d  in j ec t ion  methods. 
were varied as i n  t h e  bas ic  vortex configuration. Peripheral-wall  speed was var ied 
from No = 4.0 t o  240 rpn; t he  corresponding tangent ia l  Reynolds numbers were from 
Retlo = 67,000 t o  394,000. 
inflow) t o  -150 (radial  outflow). 
Reynolds number, ReZlw , 
tube t o  t h e  t angen t i a l  ve loc i ty  of t h e  per ipheral  w a l l ,  Vzlw / V+,o , 
varied. The axial-f low Reynolds number i s  defined as 

The same geometric parameters 

Radial  Reynolds number was var ied  from 9 0  ( r a d i a l  
Two other  flow parameters, t h e  axial-flow 

and t h e  r a t i o  of the average a x i a l  ve loc i ty  i n  the  vortex - 
were a l s o  

Values of Re, ,w 
invest igated.  

from 880 t o  21,000 and Vzlw /V+lo from 0.003 t o  0.313 were 

Reduction of Particle-Trace Data 

The f i r s t  s t e p  i n  t h e  procedure f o r  obtaining l o c a l  t angen t i a l  ve loc i t i e s  i n  
t h e  primary-flow region was t o  determine t h e  radius of a pa r t i c l e - t r ace  from a 
photograph (see  Fig.  5 ) .  
c i rcumferent ia l  d i s tance  between them was calculated from t h e  r a d i u s  and the  cen- 
t r a l  angle subtended. 
between t h e  points  and t h e  l i g h t  f lash ing  r a t e .  The t angen t i a l  ve loc i ty  was then 
calculated by dividing t h e  circumferential  distance by t h e  t i m e  of t r a v e l .  
photographs from which the tangent ia l  ve loc i t ies  *re determined were taken with 
l i g h t  i l luminat ion a t  the  a x i a l  mid-plane f o r  a l l  p ro f i l e s  presented i n  t h i s  r epor t .  

Two points  a t  t he  ends of dashes were se lec ted  and the  

The time of t r a v e l  was determined from t h e  number of dashes 

The 
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REVIEW OF THEORETICAL CONSIDERATIONS FOR RADIAL-OUTFLOW VORTEXES 

Tangential Velocity P ro f i l e s  

Theoretical  radial-outflow t angen t i a l  ve loc i ty  p r o f i l e s  f o r  ro t a t ing  flows 
without superimposed a x i a l  flow a r e  shown i n  Fig.  6. 
in te rpre t ing  differences i n  tangent ia l  ve loc i ty  p r o f i l e s  measured i n  t he  bas ic  
vortex configuration. The p r o f i l e s  were calculated fo r  a ve loc i ty  d i s t r ibu t ion  
of t h e  form 

This f i g u r e  w i l l  a i d  i n  

P r o f i l e s  of t h i s  form a r e  solut ions t o  the  Navier-Stokes equations f o r  laminar 
r a d i a l  outflow i n  which t h e  l o c a l  r a d i a l  Reynolds number ( Rerlp = V r r  / v  and 
v i scos i ty  a r e  assumed independent of radius .  

) 
According t o  theory, 

nr = 2 - Rerlp ( 5 )  

Calculations were made f o r  various values of 
measured tangent ia l  ve loc i ty  p ro f i l e s  (see following sec t ion ) .  

Rerlp (Fig.  6) t o  simulate c e r t a i n  

The ef fec t  of t h e  r a t i o  of total- to- laminar  v i scos i ty  ( p ~ / p ,  an ind ica t ion  
of turbulence l eve l )  may be noted i n  Fig.  6. 
e f f e c t  of increasing turbulence ( increasing 
towards solid-body ro t a t ion  (towards V+ CC r, = 0 ) .  
Turbulence reduces t h e  e f fec t ive  outflow r a d i a l  Reynolds number and increases t h e  
t angen t i a l  ve loc i t i e s  i n  t h e  cen t r a l  region of t h e  vortex.  
observations of t h e  flow pa t te rns  t h a t  R e r l p  
radius;  therefore,  t he  information i n  F ig .  6 is only u s e f u l  .to help explain general  
t rends .  

For a constant value of Rerlp , t h e  
P E / ~ )  
t h e  p r o f i l e  for Rerlp / ( pe / p  1 

is  t o  dr ive  t h e  p r o f i l e  

It i s  known from 
and P E  p a r e  not constant with 

S t a b i l i t y  C r i t e r i a  

There is no ex is t ing  s ing le  t h e o r e t i c a l  s t a b i l i t y  c r i t e r i o n  t h a t  covers a l l  of 
t he  possible disturbances which might l e a d  t o  i n s t a b i l i t i e s  i n  the  types of flows 
considered i n  t h i s  invest igat ion.  Although a l a rge  body of l i t e r a t u r e  ex i s t s  on 
the  s t a b i l i t y  of ro t a t ing  flows, a major p a r t  t r e a t s  only axisymmetric disturbances 
of t h e  type iden t i f i ed  by Lord Rayleigh. 
which considered t h e  e f fec ts  of axial  ve loc i ty  gradients  i n  t h e  flow and 

Only recent ly  have t h e r e  been s tudies  
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nonaxisymmetric disturbances.  
flows i n  t h e  annulus between two c lose ly  spaced concentric r o t a t i n g  cylinders a r e  
given i n  Refs. 10 through 12. 
including disturbances i n  both t h e  azimuthal and a x i a l  d i rec t ions .  References 10 
and 11 consider t h e  spec ia l  case of a constant-density flow with l i n e a r  t angen t i a l  
and a x i a l  ve loc i ty  p ro f i l e s  i n  t h e  annulus, i .e . ,  wi th  constant t angen t i a l  and 
a x i a l  ve loc i ty  gradients .  
by Eq. ( 4 )  can be r e l a t ed  t o  t h e  l i n e a r  prof i les  of Refs. 10 and 11. 
the  theory of Refs. 10 and 11, the  flow w i l l  be s t a b l e  f o r  values of nr > 2.667 
f o r  a l l  a x i a l  ve loc i ty  gradients .  

R e s u l t s  of analyses of t h e  s t a b i l i t y  of inv isc id  

Disturbances of a r b i t r a r y  asymmetry are allowed, 

The l o c a l  slope of t he  t angen t i a l  ve loc i ty  p r o f i l e  given 
According t o  

An extension of t h e  bas ic  Rayleigh c r i t e r ion  t o  flow with r a d i a l  densi ty  
gradients  is given i n  Ref. 13  but ,  l i k e  t h e  Rayleigh c r i t e r ion ,  t h e  c r i t e r i o n  i s  
va l id  only f o r  axisymmetric disturbances.  
been extended t o  cover t h e  case of l i n e a r  r ad ia l  gradients  of densi ty  i n  Ref. 12. 
The r e s u l t s  of Ref. 12 are i n  agreement with the r e s u l t s  of Refs. 10 and 11 i n  t h e  
l i m i t  of constant densi ty .  The c r i t e r i o n  of Ref. 12 predic t s  s t a b i l i t y  f o r  a l l  
disturbances including t angen t i a l  shear modes i n  cons tant-dens i t y  r a d i a l  outflows 
with l i n e a r  t angen t i a l  ve loc i ty  p ro f i l e s  and no axial  ve loc i t i e s .  
t i es  a r e  encountered i n  p a r a l l e l  flow when there  is  an i n f l e c t i o n  i n  t h e  ve loc i ty  
p r o f i l e .  The corresponding c r i t e r i o n  f o r  tangent ia l  shear i n s t a b i l i t i e s  i n  r o t a t -  
ing flow i s  an in f l ec t ion  i n  v o r t i c i t y  (Refs. 14 and 1 5 ) .  

The c r i t e r i a  of Refs. 10 and 11 have 

Shear i n s t a b i l i -  

The r e s u l t s  obtained i n  Refs. 10 through 12 appear t o  represent  t h e  most 
appl icable  s t a b i l i t y  c r i t e r i a  f o r  gaseous nuclear rockets ava i lab le  a t  t he  present 
time. 
t reat  the  general  case of a r b i t r a r y  tangent ia l  and axial  ve loc i ty  p ro f i l e s ,  and 
(2 )  they do not include t h e  influence of v i scos i ty .  
s ign i f i can t  improvements i n  these  c r i t e r i a  can be  made i n  the  near fu ture  due t o  
t h e  complexity of t h e  problem. 
those discussed i n  t h i s  report  must  be r e l i ed  on f o r  empirical  knowledge of t h e  
s t a b i l i t y  of ro t a t ing  flows. 

These c r i t e r i a  a r e  c l ea r ly  not adequate, however, because (1) they do not 

It is  not l i k e l y  t h a t  

Therefore, the resu l t s  of eqer iments  such as 
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DISCUSSION OF RESULTS 

Ske t che 

Results f o r  Basic Vortex Configuration 

f t h e  two f l u i d  in j ec t ion  methods which were u ed with r a d i a l -  
outflow vortexes without superimposed a x i a l  flow are shown i n  Fig.  3a. 
of t h e  flow conditions invest igated is  presented i n  Table I. 

A summary 

Effec t  of Vortex Driving Method 

Microflash photographs showing t y p i c a l  flow pa t te rns  i n  t h e  ro ta t ing-  
peripheral-wall  vortex tube and 2144-port-injection vortex tube ( t h e  l a t t e r  from 
the  t e s t s  reported i n  R e f .  2 )  are shown i n  Fig.  7. 
i n  t h i s  report  t h a t  were taken through an end w a l l  show flow pa t te rns  a t  t h e  a x i a l  
mid-plane. In  a l l  photographs, t h e  flow i s  ro t a t ing  counterclockwise as indicated 
by the  a r row.  It is sometimes d i f f i c u l t  t o  determine whether t h e  flow is laminar 
or  turbulent  from pbtographs  of dye pa t t e rns .  For r a d i a l  inflow vortexes (e .g . ,  
Ref. 2 )  it i s  c lear  from the  appearance of f i n e  dye t h a t  t he  flow i s  laminar. I n  
radial-outflow vortexes,  l a rge  turbulent  eddies a r e  of ten  v i s i b l e .  For o ther  cases 
where t h e  photographs show s l i g h t l y  i r r egu la r  or  d i f fuse  dye pa t te rns ,  observations 
from a ser ies  of t e s t s  a r e  needed t o  determine whether t h e  flow i s  laminar o r  turbu- 
l e n t .  

These and a l l  other  photographs 

The ef fec t  of t h e  vortex dr iving method on the  flow pa t te rns  can be observed 
by comparing t h e  flow pa t te rns  i n  Fig.  7a with those i n  Fig.  7b. For these  t e s t s  
t h e  end walls of both vortex tubes were s ta t ionary .  The upper photographs i n  F igs .  
7a and p show the  flow pa t te rns  without f l u i d  in j ec t ion  through an inner porous 
tube ( t h e  inner porous tube was not i n s t a l l e d ) ,  i .e . ,  f o r  Re, = 0. I n  t h e  
rotating-peripheral-wall  vortex tube, where the  vortex i s  driven by t h e  r o t a t i n g  
wall, t h e  flow was laminar a t  a l l  r a d i i  as shown by the  f i n e  s p i r a l  dye fi laments 
(upper photograph of Fig.  7a). In  t h e  2144-port-injection vortex tube, where t h e  
vortex is  driven by f l u i d  in j ec t ed  through t h e  f ixed  por t s ,  t h e  flow wits turbulen t  
a t  a l l  r a d i i  as shown by the  d i f fuse  dye p a t t e r n  with small eddies (upper 
photograph of Fig.  p). 
pat te rns  with f l u i d  in j ec t ion  through a s t a t iona ry  inner porous tube.  
rotating-peripheral-wall  vortex tube (lower photograph of Fig.  "a), t h e  flow was 
laminar from the  center l ine  t o  a radius  of about 2.5 i n .  as shown by t h e  s t r a t i -  
f i e d  s t r u c t u r e  of t h e  dye pa t te rn .  
is  due t o  s l i g h t l y  nonuniform f l u i d  in j ec t ion  through the  inner  porous tube.  A t  
r a d i i  greater  than 2.5 i n . ,  t h e  flow was turbulen t  as indicated by t h e  dye fi laments 
breaking up i n to  eddies.  
of F ig .  m), t he  flow was turbulen t  a t  a l l  r a d i i .  
completely laminar i n  the  rotat ing-peripheral-wal l  vortex tube with and without 
f l u i d  inject ion through t h e  inner  porous tube  while t h e  flow was  campletely 

The lower photographs i n  F igs .  7a and 7b show t h e  flow 
In  t h e  

The noncircular appearance of t h e  dye fi laments 

In  t h e  2144-port-injection vortex tube (lower photograph 
Thus t h e  flow was p a r t l y  or  
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turbulent  i n  t h e  2144-port-injection vortex tube. 
dr iving method is  important and t h a t  j e t  in jec t ion  has a detr imental  e f f ec t  on t h e  
e n t i r e  flow f i e l d .  

This ind ica tes  t h a t  t he  vortex 

For a l l  cases t e s t e d  i n  t h e  rotating-peripheral-wall  vortex tube with s t a t ion -  
a r y  end w a l l s  and f l u i d  in j ec t ion  through t h e  s ta t ionary  inner  porous tube, t h e  
flow was laminar from t h e  center l ine  t o  a radius of approximately r = 2.5 t o  
3.5 i n .  and w a s  tu rbulen t  a t  la rger  r a d i i  (i. e. ,  flow pa t te rns  l i k e  the  one i n  t h e  
lower photograph of Fig.  7a). The r a d i a l  extent of t h e  laminar flow depended upon 
t h e  r a d i a l  and t angen t i a l  Reynolds numbers. With no net  outflow ( Re, = 0; upper 
photograph of F ig .  7a), t h e  flow w a s  laminar a t  a l l  r a d i i .  
ind ica tes  no ne t  outflow, the re  is usually loca l  r a d i a l  inflow i n  t h e  end-wall 
boundary layers  and corresponding l o c a l  r a d i a l  outflow i n  t h e  primary-flow region. 
The presence of l o c a l  r a d i a l  outflow a t  t he  ax ia l  mid-plane can be infer red  from 
t h e  s p i r a l  nature of t he  dye pa t t e rn  i n  Fig.  7a and from a comparison of t he  mea- 
sured t angen t i a l  ve loc i ty  p ro f i l e  fo r  Re, = 0 i n  t h e  rotat ing-peripheral-wal l  
vortex tube (Fig.  8) with t h e  theo re t i ca l  p rof i les  i n  Fig.  6. Assuming t h a t  
p c / p  = 1 (a  v a l i d  assumption s ince the  flow pat terns  were laminar),  t he  measured 
p r o f i l e  f o r  Re, = 0 is very similar t o  the  theore t ica l  p r o f i l e  f o r  Re,,p = -6; 
therefore ,  a small r a d i a l  outflow exis ted i n  the primary flow. The f l u i d  which is  
being driven by the  rotat ing-peripheral-wal l  flows a x i a l l y  i n t o  t h e  end-wall 
boundary layers  a t  l a rge  r a d i i ,  flows r ad ia l ly  inward i n  t h e  end-wall boundary 
layers ,  flows a x i a l l y  out i n t o  the  primary f low a t  small r a d i i ,  and again flows 
r a d i a l l y  outward i n  t h e  primary flow. Thus the above r e su l t s  ind ica te  t h a t  l o c a l  
rad ia l  outflows are laminar  f o r  very small outflows; however, they a re  inherent ly  
unstable (most l i k e l y  a tangent ia l  shear mode i n s t a b i l i t y )  with any s ign i f i can t  ne t  
r a d i a l  outflow. 

Although Re, = 0 

The e f f e c t  of t h e  vortex dr iving method on t h e  measured tangent ia l  veloci ty  
p ro f i l e s  is shown i n  Fig.  8. In  general ,  no large differences a re  observed i n  the  
shape of these  prof i les ;  they a r e  a l l  bas ica l ly  t h e  type encountered i n  r ad ia l -  
outflow vortexes.  However, the  small differences i n  the  p r c f i l e s  f o r  a given r a d i a l  
Reynolds number i n  t h e  two vortex tube configurations can be explained with t h e  a i d  
of the  t h e o r e t i c a l  p ro f i l e s  i n  Fig.  6. It w i l l  be  noted i n  F ig .  6 t h a t  an increase 
i n  turbulence f o r  any constant value of Re 
veloc i ty  p r o f i l e  toward solid-body ro ta t ion ,  l . e . ,  toward V+ Cfr. 
turbulence is  t o  reduce t h e  e f f ec t ive  outflow r a d i a l  Reynolds number of t he  flow 
which increases  t h e  t angen t i a l  ve loc i t i e s  i n  the c e n t r a l  region of the  vortex.  
w i l l  be  noted i n  F ig .  8 t h a t ,  f o r  t h e  same value of Re, , 
veloc i ty  p r o f i l e  i n  the  2144-port-injection vortex tube ( i n  which t h e  flow was 
tu rbu len t )  is  c loser  t o  solid-body ro t a t ion  than t h e  corresponding p r o f i l e  i n  the  
rotat ing-peripheral-wal l  vortex tube ( i n  which t h e  flow w a s  laminar).  

tends t o  dr ive the  t angen t i a l  
r, P* 

The e f f e c t  of 

It 
t h e  measured t angen t i a l  

As noted i n  t h e  preceding sect ion,  c r i t e r ion  f o r  t angen t i a l  shear i n s t a b i l i t y  
i n  r o t a t i n g  f l o w s  i s  an in f l ec t ion  i n  the  vo r t i c i ty .  The t angen t i a l  p ro f i l e s  shown 
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i n  Fig.  8 do not have e i t h e r  an i n f l e c t i o n  i n  t h e  ve loc i ty  o r  an i n f l e c t i o n  i n  
v o r t i c i t y  and, therefore ,  should be s t a b l e  by t h e  above c r i t e r i o n .  
should be noted t h a t  t h i s  c r i t e r i o n  is  only v a l i d  f o r  two-dimensional inv isc id  
flows w i t h o u t  consideration of t h e  a x i a l  ve loc i t i e s  induced by secondary-flow e f f e c t s .  

However, it 

Effect  of Fluid In jec t ion  Method 

Tests were conducted with f l u i d  in j ec t ion  through t h e  thru-flow ports  located 
a t  t he  centers of t h e  end walls i n  order  t o  compare t h i s  i n j ec t ion  method with 
f l u i d  inject ion through t h e  inner porous tube.  Sketches of these  f l u i d  in j ec t ion  
methods a r e  shown i n  Fig.  3a. Typical flow pa t te rns  f o r  f l u i d  in jec t ion  through 
the  thru-flow ports  and through the  s t a t iona ry  inner porous tube a re  shown i n  Fig.  9 
f o r  both s ta t ionary  and ro t a t ing  end walls. For f l u i d  in j ec t ion  through t h e  t h r u -  
flow ports,  t h e  flow w a s  very turbulen t  with both s ta t ionary  and ro t a t ing  end walls. 
The flow with f l u i d  in j ec t ion  through t h e  inner porous tube was laminar as indi-  
cated by the s t r a t i f i e d  s t ruc tu re  of t he  dye pa t te rns  i n  t h e  upper and lower photo- 
graphs of Fig.  9b. Thus, a l l  fu r the r  tests were conducted with f l u i d  in j ec t ion  
through the inner  porous tube.  

Ef fec t  of End-Wall Rotation 

As discussed previously, t h e  flow pa t te rns  with f l u i d  in j ec t ion  through t h e  
s t a t iona ry  inner porous tube and with s t a t iona ry  end walls were laminar from t h e  
porous tube t o  a radius of approximately 2.5 t o  3.5 i n .  and were turbulent  a t  
l a r g e r  r a d i i .  Typical flow pa t te rns  f o r  t hese  conditions are shown i n  Fig.  loa. 
The upper photograph was taken approximately 25 sec  a f t e r  dye in j ec t ion  and the  
lower photograph was taken approximately 50 sec  a f t e r  dye in jec t ion .  The f l u i d  
moved r a d i a l l y  outward from t h e  porous tube through the laminar region, pas t  a 
radius of about 2.5 in . ,  and i n t o  a region of flow containing high-angular-momentum 
f l u i d  where the  t angen t i a l  ve loc i t i e s  var ied from about 0 .1  f t / s e c  a t  a radius  of 
3.5 i n .  t o  3 f t / s e c  a t  t he  per ipheral  w a l l  (see the  measured ve loc i ty  p ro f i l e s  i n  
Fig.  11). 
momentum, turbulen t  shear occurred i n  t h i s  outer  region as indicated i n  t h e  lower 
photograph of Fig.  loa.  This s i t u a t i o n  would lead t o  t h e  tangent ia l  shear  i n s t a -  
b i l i t y  previously mentioned. 

Because the  f l u i d  in jec ted  through t h e  inner  porous tube had no angular 

For the same f l u i d  in j ec t ion  method, but  with t h e  end w a l l s  r o t a t ing  with t h e  
per ipheral  w a l l ,  t he  flow w a s  laminar a t  a l l  r a d i i  f o r  moderate amounts of r a d i a l  
outflow ( Re, from 0 t o  -37). 
i n  Fig.  lob .  The flow moved r a d i a l l y  outward from t h e  porous tube as shown by t h e  
s t r a t i f i e d  laminar dye layers  i n  t h e  upper photograph of F ig .  lob t o  a radius of 
approximately 2 .5  in . ;  then, most of t h e  flow moved a x i a l l y  toward t h e  end walls 
with the  remaining flow moving very slowly r a d i a l l y  outward as shown i n  t h e  lower 
photograph of Fig.  lob. 

Typical flow pat terns  f o r  t hese  conditions are shown 
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Typical t angen t i a l  ve loc i ty  p ro f i l e s  f o r  cases with s t a t iona ry  and r o t a t i n g  
end walls a t  t h e  same Re, as the  flow pat terns  shown i n  Fig.  10 a r e  shown i n  
Fig.  11. The shape of t h e  p ro f i l e s  are similar;  no in f l ec t ions  i n  t h e  t angen t i a l  
ve loc i ty  p r o f i l e s  t h a t  could be associated with possible  turbulence-producing 
mechanisms are observable. 
on t h e  bas i s  of a difference i n  t h e  l o c a l  r ad ia l  Reynolds number. 
ro t a t ing  end walls, most of t he  in jec ted  flow was pumped a x i a l l y  a t  small r a d i i  and 
entered t h e  end-wall boundary layers;  hence, the l o c a l  r a d i a l  outflow i n  t h e  primary- 
flow region was  small. For the  case with s ta t ionary  end walls, t h e  in jec ted  flow 
moved r a d i a l l y  outward a t  a l l  r a d i i  except near t h e  per ipheral  w a l l  where some of 
t h e  flow moved a x i a l l y .  

The difference i n  the  p r o f i l e s  can possibly be explained 
For t h e  case with 

A summary of t h e  laminar and turbulen t  flow conditions observed with ro t a t ing  
end w a l l s  and with f l u i d  in j ec t ion  through the s ta t ionary  inner porous tube is 
shown i n  Fig.  12. As indicated previously, flow pa t te rns  f o r  small amounts of 
outflow ( Re, > -37) were laminar a t  a l l  r a d i i  f o r  t angen t i a l  Reynolds numbers up t o  
about 3OO,OOO (Fig.  12) .  A t  Ret,o = 300,000, t h e  flow became very unstable and 

r e s u l t  because the  t r a n s i t i o n  Reynolds number f o r  t h e  flow on a disk ro t a t ing  i n  an 
i n f i n i t e  medium is a l s o  approximately 3OO,OOO (Ref. 16). At Re, = -37, periodic  
t r a n s i t i o n  t o  turbulen t  flow was observed ( tha t  is, t h e  flow was a l t e r n a t e l y  laminar 
and tu rbu len t )  i n  t h e  boundary layer  on t h e  r igh t  end w a l l  a t  a radius of about 
3 i n .  This turbulence i n  t u r n  caused portions of t h e  primary flow t o  be a l t e r n a t e l y  
laminar and turbulen t .  The a x i a l  extent  and the durat ion of t h e  observed turbulence 
var ied with the  per ipheral-wal l  ro t a t iona l  speed. 
speed of 4.0 rpm ( Ret,o = 67,000), t h e  a x i a l  extent of t h e  turbulence was about 5 i n .  
from t h e  r i g h t  end w a l l ;  t h e  durat ion of t he  turbulent  flow was  about 50 sec and 
t h e  durat ion of t h e  laminar flow was about 90 sec.  
vortex flow, including t h e  l e f t  end-wall boundary layer ,  remained laminar a t  a l l  
times. A s  r o t a t i o n a l  speed was  increased, the axial extent  and durat ion of tur- 
bulence was increased u n t i l  t h e  e n t i r e  flow f i e l d  became turbulent  a t  
280,000. A t  Re, < -37 ( l a r g e r  amounts of outflow), turbulence occurred continu- 
ously near t h e  r i g h t  end w a l l  ( s ee  the  "Part ly  Turbulent" region i n  Fig.  12) .  I t s  
a x i a l  extent  was  a funct ion of peripheral-wall  ro t a t iona l  speed; t h e  other  portions 
of t he  flow remained laminar. Also, as t h e  outflow was increased, t h e  r o t a t i o n a l  
speed a t  which the  e n t i r e  flow became turbulent decreased. An example of t he  above 
phenomenon is shown i n  t h e  photographs i n  Fig.  13 f o r  Re, = -45. The upper photo- 
graph ( taken through t h e  f r o n t  of t h e  vortex tube) shows t h e  dye t r a c e  f o r  
No = 73 rpm. The turbulence extends approximately 13 i n .  a x i a l l y  from t h e  r i g h t  
end w a l l .  
mately 24 i n .  a x i a l l y  from t h e  r i g h t  end w a l l .  
turbulence always s t a r t e d  a t  t h e  r i g h t  end w a l l .  

A comparison of t h e  measured t angen t i a l  veloci ty  p r o f i l e s  f o r  two d i f f e ren t  

. o s c i l l a t e d  between turbulen t  and laminar flow. This i s  a p a r t i c u l a r l y  in t e re s t ing  

b 

For example, a t  a r o t a t i o n a l  

The remaining portions of t h e  

- 
Ret,o - 

I n  t h e  lower photograph, a t  No = 156 rpm, t h e  turbulence extends approxi- 
It i s  not known why t r a n s i t i o n  t o  

t 
1 

r a d i a l  Reynolds numbers leading t o  p a r t l y  turbulent  and completely laminar flow 
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pa t t e rns  i s  shown i n  Fig.  14. 
corresponds t o  a flow p a t t e r n  similar t o  t h e  pa t t e rn  shown i n  t h e  upper photograph 
i n  Fig.  13. Re, = -30) corresponds t o  a 
flow pa t te rn  similar t o  that i n  Fig.  lob. The small di f fe rence  i n  t h e  p ro f i l e s  can 
be a t t r i bu ted  t o  t h e  difference i n  the  amount of r a d i a l  outflow f o r  t h e  two cases.  
However, again the re  a r e  no observable in f l ec t ion  points  o r  other  s ign i f i can t  
differences i n  t h e  p ro f i l e s  which could be associated with a dr iving mechanism f o r  
unstable or tu rbulen t  flows. I n  general ,  t he re  i s  a lack of any dis t inguishing 
differences between t h e  measured t angen t i a l  p ro f i l e s  f o r  laminar flaw, p a r t l y  turbu- 
l e n t  flow and completely turbulen t  flow i n  Figs .  8, 11, and 14. 

The p r o f i l e  for p a r t l y  turbulen t  flow ( Re, = -48) 
, 

The p r o f i l e  f o r  completely laminar flow ( 

Typical Streamline Pa t t e rn  - - - - - - - - - - - - - -  
Figures 1 5  and 16 supply t h e  information necessary t o  construct a sketch of 

t h e  streamline pa t t e rn  f o r  a t y p i c a l  completely laminar flow condition. 
presents  photographs of t h ree  dye pa t te rns  i n  t h e  r - z  plane near t h e  r i g h t  end'wall 
f o r  Re, = -15 and Retlo = 117,000. These photographs were taken a t  various times 
af ter  dye in jec t ion .  The upper photograph i n  Fig.  1 5  shows f l u i d  which has been 
in jec ted  through t h e  s t a t iona ry  inner  porous tube moving r a d i a l l y  outward, moving 
a x i a l l y  toward t h e  r i g h t  end w a l l ,  enter ing t h e  end-wall boundary layer ,  and again 
moving r ad ia l ly  outward (see sketch i n  F ig .  17). The middle photograph shows t h e  
lower portion of a r ec i r cu la t ion  c e l l  which has formed and, below t h a t ,  a hor izonta l  
annular dye t r a c e  which moves r a d i a l l y  outward with time. The photograph a l s o  shows 
t h e  minimum radius of t he  r ec i r cu la t ing  flow which reenters  t h e  end-wall boundary 
l aye r  (shown i n  Fig.  17); note i n  the  photograph t h e  indentat ion i n  t h e  hor izonta l  
dye t r a c e  a t  t h e  end w a l l .  The lower photograph i n  Fig.  15  shows t h a t  t h e  hor i -  
zonta l  annular dye t r a c e  has moved outward t o  a l a rge r  radius  and has joined t h e  
lower portion of t h e  r ec i r cu la t ion  c e l l .  

Figure 15 

The var ia t ion  of l o c a l  r a d i a l  Reynolds number with radius a t  t h e  a x i a l  mid- 
plane f o r  the  same flow conditions is  shown i n  F ig .  16. 
horizontal  annular dye t r a c e  were taken a t  d i f f e ren t  times a t  t h e  a x i a l  mid-plane. 
A curve of t h e  radius of t he  dye t r a c e  vs time was constructed from t h e  photographs 
and i t s  slope was measured t o  determine l o c a l  r a d i a l  ve loc i t i e s  and l o c a l  r a d i a l  
Reynolds numbers. 
photographs. 
between r a d i i  of 2 and 3.3 in .  indicates  t h a t  t he  flow is moving i n t o  t h e  end-wall 
boundary layers.  The flow i n  the end-wall boundary layers  reaches a maximum a t  a 
radius  of 3.3 i n .  ( t h e  minlmum point  of t h e  curve) .  = 1.1; 
t h i s  value of indicates  t h a t  approximately 92.5 percent of t h e  t o t a l  
in jec ted  flow w a s  i n  t h e  boundary layers .  This radius compares c lose ly  with t h e  
minimum radius of t he  r ec i r cu la t ing  f l o w  noted i n  the  middle photograph i n  Fig.  15. 
A t  r a d i i  greater than 3.3 i n . ,  t h e  remaining 7.5 percent of t h e  flow and t h e  flow 
which reenters  t h e  primary-flow region from t h e  end-wall boundary layers  continues 
t o  move r ad ia l ly  outward (note  the  increase i n  outflow a t  l a rge  r a d i i  i n  Fig.  16). 

Photographs of t he  

The curve i n  Fig.  16 co r re l a t e s  very w e l l  with t h e  dye pa t t e rn  
The decrease i n  l o c a l  r a d i a l  Reynolds number i n  t h e  primary flow 

A t  t h i s  point ,  Re,,p 
Rerlp 
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A st reamline pa t t e rn  constructed from the above information is  shown i n  
Fig.  17. 
flows i n t o  r ec i r cu la t ion  c e l l s  formed a t  both end walls. 
t h i s  phenomenon can be described with the  a i d  of Fig.  18. 
t h e o r e t i c a l  r a d i a l  outflow ( i n  terms of the  r a d i a l  Reynolds number) i n  t h e  laminar 
boundary l aye r  on a d isk  ro t a t ing  i n  an inf in i te  medium a t  seve ra l  ro t a t iona l  
speeds ( r e l a t i o n s  obtained from Ref. 16).  For No = 110 r p m ,  note that t h e  t o t a l  
flow demanded by one end-wall boundary layer  a t  r = 5.0 is  equivalent t o  Re, = 
-31. However, i n  t h e  experimental case f o r  Re, = -15 (Figs .  15 through 17), assum- 
ing that t h e  in jec ted  f l o w  divides evenly, only flow equivalent t o  Re, = -7.5 i s  
ava i lab le  f o r  each end w a l l .  Thus, t o  s a t i s f y  the  flow requirements of t h e  end-wall 
boundary layers ,  f l o w  i s  rec i rcu la ted  i n t o  the end-wall boundary layers  from t h e  
primary-flow region. This is the  mechanism f o r  formation of t h e  r ec i r cu la t ion  
c e l l s  i n  port ions of t he  primary-flow region. 

Note t h a t  a port ion of t h e  flow tha t  en ters  t h e  end-wall boundary layer  
A poss ib le  explanation of 

This f igu re  shows the  

It was s t a t e d  previously t h a t  t h e  t r ans i t i on  Reynolds number f o r  f l o w  on a 
d isk  r o t a t i n g  i n  an i n f i n i t e  medium was approximately 
Reynolds number associated with t h i s  Retlo is Re, = -40 a t  r = 5.0 in .  (one 

t r a n s i t i o n  
t o  turbulence a t  Ret = 3OO,OOO was observed. However, f o r  l a rge  r a d i a l  outflows 
( Re, I -37, f o r  one end w a l l ) ,  t r a n s i t i o n  t o  turbulence occurred a t  
t h e  r i g h t  end w a l l  f o r  very small values of Retlo (e.g., Ret,o = 67,000 which 
was t h e  lowest t e s t e d ) .  One possible  explanation f o r  t h i s  premature t r a n s i t i o n  t o  
turbulence could be described on t h e  basis of t h e  flow i n  the corner between the  
per iphera l  w a l l  and t h e  end w a l l .  For low r ad ia l  outflows, t h e  flow can negot ia te  
t h i s  corner without separat ing and forming eddies; however, f o r  l a rge  r a d i a l  out- 
flows, separa t ion  occurs i n  t h e  corner causing t r a n s i t i o n  t o  turbulence i n  the  end- 
w a l l  boundary layer .  The adjacent port ion of t h e  primary-flow region a l s o  became 
turbulent  because of t he  r ec i r cu la t ion  c e l l .  

Retlo = 3OO,OOO. The r a d i a l  

r 
1 end w a l l ) .  It can be seen i n  Fig.  1 2  t h a t  f o r  small r a d i a l  outflows, 

o r  5 -18.5 1 

Effect  of Rotating Inner Porous Tube 

Tests were conducted t o  determine t h e  effect  of ro t a t ing  t h e  inner porous 
tube on t h e  flow pa t t e rns .  
end w a l l s  wi th  t h e  inner porous tube and t h e  per ipheral  w a l l  r o t a t ing  a t  low and 
high r o t a t i o n a l  rates. With s t a t iona ry  end walls, t he  flow w a s  completely turbu- 
l e n t  f o r  a l l  values of t h e  r a t i o  of peripheral-wall speed t o  inner-porous-tube 
speed, N o / N i .  
20a. With t h e  end walls ro t a t ing  with the  per ipheral  w a l l ,  t h e  flow was turbulent  
f o r  low values of No (less than  l 9 O  r p m )  fo r  a l l  values of No/Ni  ; 
was decreased bu t  not eliminated f o r  values of No > 190 rpm and No/ Ni < 0.3. 
Typical flow pa t te rns  f o r  t hese  cases a r e  shown i n  Figs .  l 9b  and 20b. 

Tests were conducted with both s t a t iona ry  and ro t a t ing  

Typical flow pa t te rns  f o r  these cases a r e  shown i n  F igs .  l9a and 

t h e  turbulence 
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Results f o r  Axial-Flow Vortex Configuration 

Tests of radial-outf low vortexes were conducted i n  t h e  rotat ing-peripheral-  
wal l  vortex tube with superimposed a x i a l  flow using t h r e e  d i f f e r e n t  f l u i d  in j ec t ion  
methods. Sketches of t hese  f l u i d  in j ec t ion  methods are shown i n  Fig. 3b. A 
fou r th  method, not shown i n  Fig.  3b but  discussed l a t e r ,  was used i n  tes ts  of 
radial-inflow vortexes. Table I1 is a summary of t h e  flow conditions invest igated 
f o r  t h e  four d i f f e ren t  f l u i d  i n j e c t  ion methods . 

The f rac t ion  of t o t a l  flow in jec ted  through t h e  per ipheral  w a l l  f o r  d i f f e r e n t  
combinations of t he  r a d i a l  and axial-flow Reynolds numbers (Re, and Re,,w) is 
shown i n  Fig. 21. The curves i n  t h i s  f i gu re  w i l l  enable t h e  reader  t o  determine 
t h e  r e l a t i v e  amounts of flow in jec ted  through t h e  inner porous rube and t h e  periph- 
e ra l  w a l l  from t h e  values of Re, and ReZlw. For f l u i d  in j ec t ion  through t h e  
inner  porous tube only, combinations of Re, and ReZlw w i l l  l i e  on t h e  extreme 
left-hand curve i n  Fig.  21. For f l u i d  in j ec t ion  through t h e  per iphera l  w a l l  only, 
combinations of Re, and ReZ,w w i l l  l i e  along t h e  abscissa .  Combinations of 
Re, and ReZlw f a l l i n g  between the  above l i m i t s  ind ica te  t h a t  f l u i d  was  in jec ted  
through both t h e  per iphera l  w a l l  and inner porous tube i n  t h e  f r ac t ions  indicated.  
The r a t i o  of t h e  average a x i a l  ve loc i ty  i n  t h e  vortex tube t o  t h e  peripheral-wall  
ve loc i ty ,  Vz,w/V+lo , - 

i s  a l s o  a parameter i n  tes ts  with a x i a l  flow. 

Effects of Re, and Vz w / V + , ~  

The r e su l t s  of t e s t s  conducted a t  values of Re,,,, less than 3000 and 

Vz,w / V+lo 
ary  or ro ta t ing)  and f l u i d  in j ec t ion  method had l i t t l e  e f f e c t  on t h e  flow pa t t e rns .  
This r e s u l t  is i n  s t rong cont ras t  t o  the  r e s u l t s  f o r  t h e  bas i c  vortex configuration 
where end-wall configuration and f l u i d  in j ec t ion  method had appreciable e f f e c t s  on 
t h e  flow pat terns .  For these  low values of ReZ,w and Vzlw/V+lo  t h e  flow pa t te rns  
were laminar from t h e  center l ine  t o  a radius  of approximately 2.5 i n .  ( t h e  c e n t r a l  
region) and turbulent  a t  l a rge r  r a d i i  ( t h e  outer  region) .  
pa t te rns  for  cases with s t a t iona ry  and r o t a t i n g  end walls a r e  shown i n  Fig.  22. 
The upper photographs i n  Figs .  22a and 22b show laminar f l o w  i n  t h e  c e n t r a l  region 
( ind ica ted  by t h e  s t r a t i f i e d  s t r u c t u r e  of t h e  dye pa t t e rns ) .  
appearance of the  dye t races  is due t o  s l i g h t l y  nonuniform f l u i d  in j ec t ion  through 
the  inner  porous tube.  The lower photographs i n  Fig.  22a and 22b both show turbu- 
l e n t  f l o w  i n  t h e  outer  flow region. 

l e s s  than 0.01 indicated that end-wall configuration (whether s t a t i o n -  

Photographs of t he  dye 

The noncircular 

The ef fec t  of f l u i d  in j ec t ion  method on t h e  flow pa t te rns  a t  t hese  l o w  values 

Of Re, ,w 
23a, and 24a. In’Fig.  22a, f l u i d  was i n j ec t ed  only through t h e  inner  porous tube; 
i n  F ig .  23a, f l u i d  was in jec ted  only through t h e  per iphera l  w a l l ;  and i n  Fig.  24a, 

and 0, w /  V+,O can be seen by comparing t h e  photographs i n  Figs .  22a, 
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f l u i d  was in jec ted  through both the  per ipheral  w a l l  and t h e  inner  porous tube.  
The flow was laminar i n  t h e  c e n t r a l  region (no te  the  s t r a t i f i e d  s t r u c t u r e  of t h e  
dye t r a c e s )  f o r  a l l  t h r e e  in j ec t ion  methods. 
&a, t h e  flow was turbulent  i n  t h e  outer  region. 

Although not shown i n  Figs.  23a and 

- 
Tests a t  Re,,, > 3000 and V,,, / V+lo > 0.01 

For tests conducted a t  values of ReZlw grea ter  than 3000 and 'Vzlw /V+lo 
grea te r  than 0.01 (values up t o  22,000 and 0.3, respect ively,  were inves t iga ted) ,  
t h e  r e s u l t s  showed t h a t  end-wall configuration and f l u i d  in j ec t ion  method had no 
e f f e c t  on t h e  flow pa t te rns .  The same r e s u l t  was obtained f o r  t e s t s  with 
less than 3000 and l e s s  than 0.01. However, i n  cont ras t  t o  t h e  p a r t l y  
laminar flow pa t te rns  obtained i n  tests with less than 3000 and yZlw / V+,o 
less than 0.01, a l l  t h e  f l o w  pa t te rns  f o r  Rezlw grea ter  than  3000 and Vzlw/ V+,o 
grea te r  than 0.01 were turbulent  a t  a l l  r a d i i .  These r e s u l t s  ind ica te  t h a t  Re,,, 

and Vzlw / V+,o 

vz,w / V+,o 

were t h e  two major parameters which a f f ec t ed  t h e  flow pa t te rns .  

The e f f e c t  of f l u i d  in jec t ion  method can be seen by cornparing t h e  photographs 
i n  Figs.  23b, 23c, and 24b. I n  Figs.  23b and 23c, f l u i d  w a s  in jec ted  only through 
t h e  per iphera l  wall; i n  F ig .  24b, f l u i d  was injected through both the  per ipheral  
w a l l  and inner porous tube.  The flows i n  a l l  th ree  photographs are turbulent  with 
la rge-sca le  eddies,  Similar  s i z e  eddies were a l s o  noted i n  the  r - z  plane. The 
d i f fe rence  i n  t h e  s c a l e  of t he  turbulence for  flows a t  values of Rezl, l e s s  than 
and g rea t e r  than  3000 can be seen by comparing t h e  above photographs with t h e  lower 
photograph i n  F ig .  22a. For Rezlw > 3000, eddies having diameters up t o  half  
t h e  radius  of t h e  vortex tube were observed. These eddies convect f l u i d  from t h e  
c e n t r a l  region t o  t h e  outer  region of high ax ia l  v e l o c i t i e s .  
eddies having diameters up t o  approximately 0.25 in .  were observed . 

For > 3000, 

Effect  of Rotating Inner Porous Tube 

No improvement i n  t h e  flaw charac te r i s t ics  was observed i n  tests conducted 
with t h e  inner  porous tube ro t a t ing  a t  various speeds. Typical flow pa t te rns  a t  
low and high axial-flow Reynolds numbers and with th ree  d i f f e ren t  f l u i d  in j ec t ion  
methods are shown i n  Fig. 25. I n  a l l  tests,  the inner porous tube was ro ta t ing .  
The photographs show t h a t  t h e  f l u w  was turbulent a t  a l l  r a d i i  i n  each case. 

General Discussion of Test Results 

The r e s u l t s  of a l l  tests conducted with r a d i a l  outflow i n  t h e  axial-flow 
vortex configuration with r o t a t i n g  and s ta t ionary  end w a l l s  and with the  inner 
porous tube s t a t iona ry  are summarized i n  Fig. 26. 
observed are indica ted  on a p lo t  of Vz,w / V+,,, vs Re,,, . The r a t i o  Vz,w/~+lo 
i s  equal t o  ReZ,w Re+,o ; l i n e s  of constant Re+,o (corresponding t o  constant 
per ipheral-wal l  r o t a t i o n a l  speed, 

Flow conditions t h a t  were 

No ) are also shown i n  Fig.  26. Flow conditions 

21 



observed t o  be  laminar i n  the  cen t r a l  region (from t h e  cen te r l ine  of t h e  vortex t o  
a radius  of approximately 2.5 i n . )  a r e  denoted by c i r c i e  symbols; flow conditions 
observed t o  be turbulent  i n  t h i s  region are denoted by t r i a n g l e  symbols; and flow 
conditions observed t o  a l t e r n a t e l y  change from laminar t o  turbulen t  a r e  denoted by 
cross symbols. This form of presentat ion does not show any differences i n  r a d i a l  
Reynolds number o r  end-wall conditions ( i. e. , whether s t a t iona ry  o r  ro t a t ing )  
because, as indicated previously, t hese  f ac to r s  were found t o  have very l i t t l e  
e f f e c t  on the  flow pa t t e rns .  

A possible boundary between the  laminar and turbulent  conditions has been 
drawn on Fig. 26. 
a l t e rna te ly  laminar and turbulen t .  
was characterized by the  onset of a per iodic  r a d i a l  o s c i l l a t i o n  which r e su l t ed  i n  
t h e  deformation of t h e  i n i t i a l l y  laminar c i r c u l a r  streamlines progressively i n t o  
e l l i p s e s  and then i n t o  l a rge  eddies. 
break-up process would repeat .  Dye photographs i n  F ig .  27 show t h i s  process before  
(Fig.  27a) and a f t e r  (Fig.  27b) t h e  onset of la rge  eddies.  

In  the  region of t he  boundary, most of t h e  flow pa t te rns  were 
The unstable nature of t he  flow i n  t h i s  region 

The laminar flow would then reappear and t h e  

The pr inc ipa l  resul ts  of these  radial-outflow tes ts  are t h a t  t h e  flow w a s  
Re,,, laminar i n  t h e  c e n t r a l  flow region only f o r  small amounts of axial flow; 

less than 3000 and V z , w / V + , ~  l e s s  than approximately 0.01. However, f o r  values 
of Re,,, greater  than 3000 and v,,, / V4,o grea te r  than 0.01, t h e  flow w a s  turbu- 
l e n t  a t  a l l  r a d i i  and was characterized by l a rge  eddies. Thus, l a rge  superimposed 
a x i a l  flows and the  associated a x i a l  shear  only caused an already turbulen t  flow t o  
de te r iora te  even fu r the r .  

- 

The shaded boundary i n  t h e  upper right-hand corner of Fig. 26 encompasses com- 
binat ions of v,,, / V+,o and Re, , t h a t  were used i n  the  two-component-gas vortex 
tests discussed i n  Refs. 7 and 8. The present r e s u l t s  provide add i t iona l  evidence 
t h a t  t h e  poor containment cha rac t e r i s t i c s  of radial-outflow vortexes a r e  caused by 
mixing of t he  heavy and l i g h t  gases due t o  turbulence and large-scale  eddies.  

Several t e s t s  with superimposed a x i a l  flow but  with r a d i a l  inflow instead of 
r a d i a l  outflow were a l s o  conducted. The inner  porous tube was removed; flow was  
withdrawn through the axial-flow exhaust annulus and t h e  thru-flow ports  a t  t h e  
centers  of t h e  end walls. Two flow conditions having la rge  values of Re,,, and 
v,,, /V+lo a r e  indicated by t h e  s o l i d  c i r c l e  symbols i n  Fig.  26. For these  and a l l  
other radial-inflow conditions t h a t  were invest igated,  t h e  flow was  laminar i n  t h e  
cen t r a l  region. A comparison of r a d i a l  outflow and r a d i a l  inflow pa t te rns  a t  l a rge  
values of Re,,, and vzlw V+lo is  shown i n  Fig.  28. 

22 



1. McLafferty, G. H.: Analyt ical  Study of the Performance Charac t e r i s t i c s  of 
Vortex-Stabilized Gaseous Nuclear Rocket Engines. 
Laboratories Report D-910093-20, prepared under Contract NASw-847, September 
1965. 

United A i r c r a f t  Research 

To be issued as NASA CR r epor t .  

2. Travers, A.: Experimental Invest igat ion of Peripheral-Wall I n j e c t i o n  
Techniques i n  a Water Vortex Tube. United A i r c r a f t  Research Laboratories 
Report D-910091-7, prepared under Contract NASw-847, September 1965. 
To be issued as NASA CR r epor t .  

3. Travers, A. and B. V. Johnson: Measurements of Flaw Charac te r i s t i c s  i n  an 

Also issued 
Axial-Flow Vortex Tube. 
C-910091-3, prepared under Contract NASw-847, September 1964. 
as NASA CR-277. 

Mensing, A. E. and J. S.  Kendall: 
of a Heavy Gas i n  a Jet-Driven Light-Gas Vortex. United A i r c r a f t  Research 
Laboratories Report D-910091-4, prepared under Contract NASw-847, March 1965. 
To be issued as NASA CR r epor t .  

United Ai rc ra f t  Research Laboratories Report 

1 

4. Experimental Inves t iga t ion  of Containment 

5. Mensing, A. E. and J. S .  Kendall: Experimental Inves t iga t ion  of t h e  Effect  
of Heavy-to-Light-Gas Density Ratio on Two-Component Vortex Tube Containment 
Charac t e r i s t i c s .  
prepared under Contract NASw-847, September 1965. 
r epor t .  

United A i r c r a f t  Research Laboratories Report D-910091-9, 
To be issued as NASA CR 

6. Kendall, J. S. and A. E. Mensing: Experimental Inves t iga t ion  of t h e  Effect  
of Heavy-to-Light-Gas Density Ratio on Vortex Containment Charac t e r i s t i c s .  
United A i r c r a f t  Research Laboratories Report UAR-E54, prepared under Contract 
NASw-847, Apr i l  1966. 
S p e c i a l i s t s  Conference, Colorado Springs, Colo., June 13-17, 1966. 

Paper presented a t  AIAA Second Propulsion J o i n t  

7. Johnson, B. V.: Exploratory Flow and Containment Experiments i n  a Directed- 
Wall-Jet Vortex Tube with Radial  Outflow and Moderate Superimposed Axial 
Flows. United Ai rc ra f t  Research Laboratories Report F-910091-11, prepared 
under Contract NASw-847, May 1967. To be issued as NASA CR r epor t .  

8. Kendall, J. S . ,  A. E. Mensing and B. V. Johnson: Containment Experiments i n  
Vortex Tubes with Radial  Outflow and Large Superimposed Axial Flows. United 
Aircraft Research Laboratories Report F-910091-12, prepared under Contract 
NASw-847, May 1967. To be issued as NASA CR r epor t .  



9 .  

10. 

11. 

12. 

13. 

14. 

15 .  

16. 

Clark, J .  W., B. V. Johnson, J. S .  Kendall, A.  E, Mensing, and A. Wavers:  
Summary of Gaseous Nuclear Rocket F lu id  Mechanics Research Conducted under 
Contract NXw-847. 
prepared under Contract NASw-847, May 1967. 

Ludwieg, H . :  S t a b i l i t y  of Flow i n  an Annular Space. 
Flugwissenschaften, Vol. 8, 1960, pp. 135-140. 

United Ai rc ra f t  Research Laboratories Report F-910091-13, 
To be issued as NASA CR r epor t .  

Z e i t s c h r i f t  f l r  

Ludwieg, H. :  
Space. Z e i t s c h r i f t  f u r  Flugwissenschaften, Vol. 9, 1961, pp. 359-361. 

FxtensiRn of t h e  Work on t h e  S t a b i l i t y  of Flow i n  an Annular 

Kurzweg, U. H.:  Criteria f o r  t h e  S t a b i l i t y  of Heterogeneous Swirling Flows. 
United Aircraf t  Research Laboratories Report UAR-~96, May 1967. 

Synge, J. L.:  The S t a b i l i t y  of Heterogeneous Liquids. Transactions of t h e  
Royal Society o f  Canada, Vol. 27, 1933, pp. 1-18. 

Rayleigh, Lord: S c i e n t i f i c  Papers I. Cambridge University Press ,  1880, 
pp. 474-487. 

Lary, E. C.:  On t h e  Shearing I n s t a b i l i t y  of Rotating Flow. FOM-Instituut voor 
Plasma-Fys i c a  ( R i  jnhuizen, Jutphaas , Nederland) Report WET 65/034, October 1965. 

Schl ic t ing,  H.: Boundary Layer Theory, McGraw-Hill Book Co., Inc. ,  New York, 
1960. 

24 



D 

L 

"r 

Ni 

N O  

Qi 
1 

Qs 

Qt 

Qz 

r 

Re,, i 

P 
t 

Rer,s 

LIST OF SYMBOLS 

Tota l  area of i n j ec t ion  ports  a t  per ipheral  w a l l  of 2144-port-injection 
vortex tube,  f t 2  

Diameter. of vortex tube,  f t  

Length of vortex tube,  f t  

( + - I )  
Exponent i n  equation V+ CC r I where nr = 2 - RerIp 

Inner porous tube ro t a t iona l  speed, rpm 

Peripheral-wall  ro t a t iona l  speed, rpm 

Volumetric flow rate through four s l o t s  i n  nonaxial-flow end w a l l  ( see  
Appendix), f t3 / sec  

Volumetric flow r a t e  of i n j ec t ion  j e t  which dr ives  vortex,  f t3/sec 

Volumetric flow r a t e  through one end-wall suc t ion  annulus ( see  Appendix), 
f t3/s ec 

Volumetric flow r a t e  through inner porous tube o r  thru-flow por t s ,  f t3 / sec  

Volumetric flow ra te  through axial-flow exhaust annulus, f t3 / sec  

Local radius from center l ine  of vortex tube,  f t  o r  i n .  

Outer radius  of vortex tube, f t  or i n .  

Radial  Reynolds number (negative fo r  r a d i a l  outflow), Q t  / 2  7rvL , 
dimens ionless  

End-wall i n j ec t ion  r a d i a l  Reynolds number based on in j ec t ion  flow r a t e  
through four  s l o t s  i n  nonaxial-flow end w a l l ,  Qi / 2 7 ~ v L  , dimensionless 
(2144-port-injection vortex tube only; s ee  Appendix) . 

Local r a d i a l  Reynolds number i n  primary-flow region, (V, r )  / v , 
less 

dimension- 

End-wall suc t ion  r a d i a l  Reynolds number based on t o t a l  suc t ion  flow rate 
through 3/8-in.-wide annulus a t  r = 3 i n .  i n  both end walls, 2Qs/27rvL, 
dimensionless (2144-port-injection vortex tube only; see  Appendix) 
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P 
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Tangential i n j ec t ion  Reynolds number based on average in j ec t ion  ve loc i ty  
i n  2144-port-injection vortex tube ( see  Appendix), Vi ro / v = Q. r / Aj u , 
dimens ionless  

1 0  

Tangential Reynolds number based on per ipheral-wal l  r o t a t i o n a l  speed, 
7rNoro /Xv, dimensionless 2 

Axial-flow Reynolds number, Qz/ ( 7 / 1 6 ) ~  ro v , dimensionless 

Time, sec 

Average t angen t i a l  i n j ec t ion  ve loc i ty  i n  2144-port-injection vortex t u b e  
( see  Appendix), Qj /A, , f t / s e c  

Local radial  ve loc i ty ,  f t / s e c  

Tangential veloci ty ,  ft/s ec 

Tangential ve loc i ty  of r o t a t i n g  per iphera l  wall, TT N, ro / 30, f t / s e c  

Average axial ve loc i ty  through annular region having an  area equal t o  
7/16 of t u b e  cross-sect ional  area, 0, / ( 7 / l S ) ~ r ;  

Distance measured i n  a d i rec t ion  p a r a l l e l  t o  t h e  ax i s  of the  vortex t u b e  
from r i g h t  end w a l l  o r  nonaxial-flow end w a l l ,  i n .  

Total  ( laminar p l u s  eddy) v iscos i ty ,  ft2/sec 

Laminar v iscos i ty ,  lb-sec/f t2  

Kinematic v iscos i ty ,  f t  /sec 2 

Density of water, s lug / f t  3 

A z i m u t h a l  coordinate 
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APPENDIX 

RESULTS OF RADIAL-OUTF'LCN TESTS IN THE 

21WPORT-INJECTION VORTEX TUBE 

P r i o r  t o  conducting tests i n  the  rotating-peripheral-wall  vortex tube,  t e s t s  
were conducted i n  t h e  2144-port-injection vortex tube of Ref. 2 .  The object ive of 
t hese  tests was t o  determine the  influence of increased t angen t i a l  ve loc i t i e s  near 
t h e  vortex cen te r l ine  on t h e  turbulence i n  radial-outflow vortexes.  
tube was  ro t a t ed  a t  various speeds t o  vary the t angen t i a l  ve loc i t i e s  i n  t h e  cen t r a l  
region. A br i e f  descr ip t ion  of t h e  2144-port-injection vortex tube i s  given i n  t h e  
sec t ion  of t h i s  repor t  e n t i t l e d  DESCRIPTION OF EQUrPMENT AND PROCEDURES; a de ta i led  
descr ip t ion  is given i n  R e f .  2. Sketches of t h e  f l u i d  in j ec t ion  methods t h a t  were 
used are shown i n  Fig.  29. 

The inner porous 

Results f o r  Basic Vortex Configuration 

Flow v i sua l i za t ion  tes ts  of t h e  bas ic  vortex configuration with f l u i d  in j ec t ion  
through t h e  inner porous tube were performed f o r  Re, = 0, -30 and -60 with inner 
porous tube  r o t a t i o n a l  speeds of The 
r e s u l t s  show t h a t  ro t a t ion  of t h e  inner porous tube did not reduce turbulence i n  
t h e  primary-flow region of t h e  vortex. Photographs of t y p i c a l  flow pa t te rns  show- 
ing t h e  e f f e c t  of inner porous tube ro t a t ion  f o r  Re, = -60 are presented i n  
Fig.  30. = 0, 400, 1200, 
and 2000 rpm. 

Ni = 0 ,  400, 800, 1200, 1600, and 2000 rpm. 

The photographs show turbulent  flow a t  a l l  r a d i i  f o r  Ni 

Tangential  ve loc i ty  p ro f i l e s  f o r  the  same inner porous tube  ro t a t ion  r a t e s  but  
f o r  Re, = -30 are shown i n  Fig.  31. The data show t h e  presence of two regions 
wi th in  t h e  vortex tube with d i f f e ren t  types of tangent ia l  ve loc i ty  p ro f i l e s .  
t i a l  ve loc i ty  p ro f i l e s  of t h e  form V+.a  I / r  exis ted  a t  r a d i i  from 0.5 i n .  t o  
approximately 3 in . ,  and tangent ia l  ve loc i t ies  of t h e  form V+. c( In-' , where 
n > 2 ,  ex i s t ed  from a radius of approximately 3 in .  t o  t h e  per ipheral  w a l l .  Flows 
having t angen t i a l  ve loc i ty  p ro f i l e s  of  t he  l a t t e r  type have been observed t o  be 
turbulen t  i n  previous tests (Ref. 2 )  as w e l l  as i n  t h e  present tes ts .  

Tangen- 

Since an increase i n  t h e  tangent ia l  ve loc i t ies  i n  t h e  c e n t r a l  region did not 
reduce turbulence,  it appeared t h a t  modification of t h e  t angen t i a l  ve loc i ty  pro- 
f i l e s  near t h e  per iphera l  w a l l  was a l s o  required. To achieve t h i s ,  an attempt was 
made t o  e s t a b l i s h  a weak r a d i a l  inflow instead of r a d i a l  outflow over the  region 
from r = 3 i n .  t o  t he  per iphera l  w a l l .  The p l a i n  end walls used with t h e  ro t a t ing  
inner  porous tube assembly were modified t o  include a 3/8-in.-wide suc t ion  annulus 
a t  a radius  of 3 i n .  through which a portion of t he  flow was withdrawn. This 
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configuration i s  shown i n  t h e  luwer sketch of Fig.  2ga. 
t h e  inner  porous tube (amount given by Re, ) and t h e  flow withdrawn through t h e  
suc t ion  annulus (amount given by 

The flow in jec ted  through 
. 

) could be adjusted independently. 

Flow visua l iza t ion  t e s t s  were conducted f o r  severa l  values of Re, from 0 t o  
-100, Re,,, from 0 t o  150, and Ni from 0 t o  1200 rpm. Depending on t h e  combina- 
t i o n  of these parameters, two d i f f e ren t  types of flow pa t te rns  were observed. 
type was turbulent  a t  a l l  r a d i i ;  t h e  pa t te rns  were similar t o  those shown i n  Fig.  30. 
The other  consisted of two o r  more well-defined axial vortex r o l l s  ( r e fe r r ed  t o  
here as "multiple vortexes").  These mult iple  vortexes ( see  Fig. 32) extended t h e  
complete length of t h e  vortex tube; t h e i r  centers were a t  a radius of approximately 
3 i n .  The multiple vortexes had r o t a t i o n  i n  the  same sense as t h e  mean flow 
(counterclockwise i n  Fig.  32). '&pica1 multiple-vortex flow pa t te rns  f o r  flow 
conditions with and without inner  porous tube  ro ta t ion ,  and t h e  corresponding tan-  
g e n t i a l  ve loc i t i e s  p ro f i l e s ,  are shown i n  F igs .  32 and 33, respect ively.  Note i n  
Fig.  33 tha t  t h e  tangent ia l  ve loc i t i e s  i n  t h e  radial  region between 3 in .  and t h e  
per iphera l  w a l l  are much l a rge r  than the  t angen t i a l  ve loc i t i e s  i n  the  same region 
shown i n  Fig. 31. 

One 

Combinations of Re, and Re,,, that produce multiple-vortex flow pa t te rns  
f o r  Ni = 0 and 800 rpm are shown i n  Fig.  34. The shaded regions ind ica te  t h e  
combinations of Re, and Re,,, f o r  which m u l t  iple-vortex flow pa t te rns  were 
observed. For a l l  other combinations, t h e  f low was turbulent .  The e f f e c t  of 
inner porous tube ro t a t iona l  speed on t h e  number of mult iple  vortexes produced f o r  
a t y p i c a l  case ( Re, = -75 and Re,,s = 150) i s  shown i n  Fig.  35. The number of 
mult iple  vortexes increased with increased inner porous tube ro t a t iona l  speed. 

Results f o r  Axial-Flow Vortex Configuration 

A similar se r i e s  of f l o w  v i sua l i za t ion  tes ts  was conducted f o r  t h e  axial-flow 
vortex configuration with f l u i d  in jec t ion  through the  r o t a t i n g  inner porous tube.  
Sketches of t h e  f l u i d  in j ec t ion  methods used are shown i n  Fig.  29b. The f l o w  w a s  
extremely turbulent .  It was  characterized by la rge  eddies similar t o  those observed 
f o r  la rge  values of ReZ,,,, 
(see,  f o r  example, Fig.  24b). 

i n  tests i n  t h e  rotat ing-peripheral-wal l  apparatus 

A configuration with s w i r l  i n j ec t ion  through an end w a l l  was a l s o  t e s t ed .  I n  
t h i s  configuration, shown i n  t h e  lower sketch of Fig.  29b, t h e  inner porous tube was 
removed and f l u i d  was in jec ted  t angen t i a l ly  through four  1-in.-long je t  s l o t s  a t  
t h e  nonaxial-flow end w a l l .  The s l o t s  extended from r = 0.75 i n .  t o  r = 1.75 i n .  
Photographs of t yp ica l  f low pa t te rns  a r e  s h a m  i n  Fig.  36 f o r  values of t h e  end-wall 
i n j ec t ion  rad ia l  Reynolds number of Re,,i = 0 ,  25, 50, and 80. In jec t ion  using 
t h i s  method appeared t o  have l i t t l e  e f f e c t  on the  flow; t h e  f l o w  remained turbulen t .  

28 



TABLE I 

Sunmary of Flow Conditions Investigated Using the 
Rotating-Peripheral-Wall Vortex Test Apparatus in the Basic Vortex Configuration 

See Fig. 3a for Sketches of Fluid Injection Methods 
Fluid Withdrawn Through Peripheral Wall 

Peripheral Wall: lO-in.-dia Lucite Tube with 16,000 0.062-in.-dia holes 
Inner Porous Tube: I-in.-dia Porous Metal Tube 

I 

-37.5 

! 

CONFIGURATION 

- 5 5  

No inner porous tube, 
fluid injection 
through thru-flow 
ports, each flow 
condition tested 
with both stationary 
and rotating end walls 

Fluid injection through 
stationary inner porous 
tube; each flow condi- 
tion tested with both 
stationary and rotating 
end walls 

RADIAL 
REYNOLDS 
NUMBER 
Re r 

0 

-30 
1 
1 

TANGENTIAL 
REYNOLDS 
NUMBER 
Ret,o 

120,000 
240,000 
120,000 
240,000 
120,000 
240,000 
330,000 
410,000 

120,000 
240,000 
67,000 
100,800 
120,000 
144,000 
168,000 
198,000 
240,000 
276,000 
300,000 
324,000 
67,000 
100,800 
120,000 
144,000 
168,000 
198,000 
240,000 
276,000 
300,000 
316,800 
67,000 
100,800 
120,000 
144,000 
168,000 
198,000 
240,000 
276,000 
312,000 
67,000 
100,800 
120,000 
144,000 
168,000 
198,000 
240,000 
276,000 
67,000 
100,800 
120,000 
144,000 
168,000 
198,000 
240,000 
67,000 
100,800 
120,000 
144,000 
160,000 
67,000 
104,000 
120,000 
133,000 

PERIPHERAL 
WALL 
SPEED 

No . RPM 

73 
144 
73 
144 
73 
144 
200 
2 50 

73 
144 
40 
61 
73 
87 
101 
120 
144 
169 
183 
197 
40 
61 
73 
87 
101 
120 
144 
169 
183 
193 
40 
6 1  
73 
87 
101 
120 
144 
169 
190 
40 
61 
73 
87 
101 
120 
I44 
169 
40 
61 
73 
87 
101 
120 
144 
40 
61 
73 
87 
97 
40 
63 
73 
81 

FLOW PA 
CENTRAL 
REGION 
r= 0 to 

about 2.5 in. 

SEW-T. REW-T 

SEW-L, REW-L 

SEW-L, REW-0 
SEW-L, REW-T 
SEW-L, REW-L 

1 
SEW-L, REW-0 
SEW-L, REW-T 
SEW-L. REW-PO 

SEW-L, REW-0 
SEW-L, REW-T 
SEW-L, REW-PT 

SEW-L, REW-PT 

t 
SEW-L, REW-T 
SEW-I.. RW-PT 

1 
SEW-L, REU-T 
SEW-I., REW-PI  

1 
SEW-L, REW-T 

IRNS* 
OUTER 
REGION 
r=2.5 to 
5.0 in. 

SEW-T. REW-T 

SEW-L, REW-L 

SEW-T. REW-L 
t 

1 
SEW-T, REW-0 
SEW-T, REW-T 
SEW-T, REW-L 

SEW-T, REN-0 
SEW-T, REN-T 
SEW-T, REV-PO 

SEW-T, REH-0 
SEW-T, REW-T 
SEW-T, REW-PT 

SEW-T, REWPT 

SCi<-T, R1:V-T 
SEW-T. REW-P7 

SEW-T, RIX-T 
SEW-T, REU-PT 

1 
SEW-T, REW-T 



TABLE I (ConcluJ  ~ 1 )  

PERIPHERAL 
WALL CONFIGURATION 

INNER 
TUBE 

F l u i d  i n j e c t i o n  
through r o t a t i n g  
i n n e r  porous 
tube ;  end w a l l  
conf igura t ion  de- 
noted by (SEW) 
s t a t i o n a r y  end 
w a l l s  or (REW) 
r o t a t i n g  end 
walls 

I 

N , / N ~  

1 .oo 

1 .oo 
0 . 2 8 1  
4.114 
1.973 
0.360 
0.240 
I .oo 
0.325 
0.264 
0.416 

1 .oo 
1.00 
0 . 3 6 0  
0.277 
0.222 
0.318 
0.377 

END 
WALL 

CONFIGURATION 

SEW 6. REW 

SEW 6 REW 
SEW h REW 
SEW 
SEW 
SEW 
SEW 6 REW 
SEW 
SEW h R E W  
SEW 
KEW 

REW 
R E W  
RE W 
R E W  
R E W  
REW 
R E W  

RADIAL 
REYNOLDS 
NUMBER 

Re, 

7 3  
7 3  

144 
lfrb 
144 
144 
195 
195 
195 
195 

7 3  
144 
144 
144 
144 
197 
234 

0 

73 
260 

35 
7 3  

400 
600 
195 
600 
740 
469 

7 3  
144 
400 
520 
6 50 
620 
620 

- 7 5  

I 

TANGENTIAL 
REYNOLDS 
NUMBER 
R e t . 0  

120,000 

120,000 
120,000 
240,000 
240,000 
240,000 
240.000 
327,000 

327,000 
327,000 

120,000 
240,000 
240,000 
240,000 
240,000 
324,000 
384,000 

327,000 

SPEED SPEED 
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TABLE I1 

Summary of Flow Conditions Investigated Using the 
Rotating-Peripheral-Wall Vortex Test Apparatus in the Axial-Flow Vortex Confieuration 

See Fig. 3b for  Sketches of Fluid Injection Methods 
Fluid Withdrawn Through 3/h-In.-Wide Annulus Near Outer Edge of Axial-Flow End Wall 

All Flow Conditions Tested with both Stationary and Rotating End Walls 
Peripheral Wall: 10-in.-dia Lucite Tube with 16,000 0.062-in.-dia holes 

Inner Porous Tube: 1-in.-dia Porous Metal Tube 

AXIAL-FLOW TANGEhTIAL RADIAL PER1PEW.L INNER FLOW PAATPZ.FIiS* 
CONFIGURATION REYNOLDS REYNOLDS REYNOLDS C-NPFXL G'57-h 1 NUMBER 1 NUMBER I NUMBER 1 Vzr'Vs'o I :%I I ::sD I r>.G'I,II 1 ?--GIGN I 

1,310 

t 
2,200 I 
3,180 

1 
4,250 

1 

I 

120,000 

240,000 
198, ooo 

288 ,000 

198,000 

288,ooo 

67,000 -45 
120,000 

2h0,OOO 

120,000 
240,000 
327,000 1 

120,000 

240.000 

67,000 -75 

198,000 

288,000 

198,000 
288 ,000 

67,000 -115 

I 120,000 

67,000 -150 

0.0131 
0.0073 
0.0044 
0.0037 
0.0030 

0.0109 
0.0066 
0.0054 
0.0045 
0.0109 
0.0054 
0.0040 

0.0183 
0.0111 
0.0092 
0.0076 
0.0475 
0.0265 
0.0161 
0.0110 
0.06 314 

0.0196 

0.032~ 

40 
73 
120 
144 
175 
40 
73 
120 
144 
175 
73 
144 
195 
60 
73 
120 
164 
17 5 

h0 
73 
170 
175 
40 

2.5 in. 

0 0 
0 L 
0 L 
0 L 
0 L 
0 0 
0 L 
0 L 
0 L 
0 L 

500 T 

600 T 
600 v 

0 0 
0 0 
0 L 
0 
0 L 
0 
3 
c 
0 
0 

- - 

0.0715 120 0 
0.0130 195 600 

198,000 
327,000 

I I 1 1 I I I 

Fluid hjection 
through peripheral 
wall only 

v 

*I' 
1,310 

2,820 

1 
5,650 

14,000 

I 
71,000 

t 

67,000 
120,000 
198,000 
288.000 
67,000 
1:0,000 
198,000 
?lrO,OOO 
288 ,000 
67,000 
120,000 
198,000 
288. ooo 

198,000 
288,000 
67,000 
188,000 
188,000 

148 ,000 
198,000 

2nR.000 

67,000 
120,000 

67,000 
120,000 

240.000 

329,000 
120,000 
120,000 

0 0.0131 
0.0073 
0 . 0 0 b h  
0.0030 
0.0106 
0.0109 
0.0066 
0.0054 
O.OOh5 
O.Ob?l 
0,0135 
0.01 I,? 

0. (1098 
U.Ci8h3 
0.01171 
O.fI205 
0.0196 

n .o7h 5 

0.313 
0 . 1 ' 1 5  
O . l h ?  
O.1Gis 
0.0075 
0.01"') 
o.oi.3i\ 
0.175 
0 . 1 7 5  

O.?O9 

0.07h5 

40 
73 
120 
175 
40 
73 
170 
l l l b  
1'15 

14 0 

73 
1 r'0 
175 

110 
73 

1?0 
175 
60 

11: 
11. '  

I , ( >  

1:  
Ci(l 

1 :, 

:1,11 

1 i ' 1  

. ' , , ( l  

i j  

1 ;  

B I  

For both stationary and rotatine end walls: 
L = Laminar 
0 = Oscillating between laminar and turbulent 
T = Turbulent 

Continued 



TABLE I1 (Concluded) 

CONFIGURATION r 
F l u i d  i n j e c t i o n  
th rough  peripheral 
wall and i n n e r  r porous tube 

AXIAL-mw 
REYNOLDS 
NUMBER 
Re 

Z > W  

c 
1,760 

I 
2.620 

t 
2.790 

1 
3,530 

I 
4,750 

1 
9,600 

t 
14.000 

1 
21 ,nnn 

TANGENTIAL 
REYNOLDS 

NUMBER 

r Re 

67,000 
120,000 
198,000 
288,000 
120,000 
240.000 

67,000 
120,000 
148,000 
197,000 
240,000 

329,000 
394,000 
67,000 

120,000 
198,000 
288,000 

67.000 
120.000 
148,000 
198,000 
240.000 

329,000 
394.000 
67,000 
1:0,000 
140 ,I100 
~ g n , n m  
?40,00(1 
288 .oriir 
329 ,oon 
394,000 

914 ,000 
i88,nnn 
281 ,no0 

6?,0on 
1Xi ,000 
148 .on0 
198,000 
>!m, oon 
mi, 000 

jc,?,ooo 
391, , O i l 0  

1;i ,lIO!l 
1 ; ' I ) ,  (1(!0 
1 Ill' , l I O l i  

l0 l i  ,I 111(1 

, ' ILo ,eon 
:> t l l i  ,OIII l 

i "J,(K!(I 

288.000 

288,000 

67.000 

~ : " I , [ > ( l ~ J  

RADIAL 
REYNOLDS 
NUMBER 
Re 

t , o  

- 30 

1 
-45  

1 
-30 

1 
-60 

1 
-30 

1 
-45  

1 
-'I5 

I 

0.0263 
0.0147 
0.0089 
0.0061 
0.0218 
0.0109 
0.0416 
0.0232 
0.0188 
0.0142 
0.0116 
0.0097 
0.0085 
0.0071 
0.0527 
0.0794 
0.0178 
0.0122 
0.0709 
0.0396 
0.0371 
0.0740 
0.0198 
0.0165 
o.ni44 
0.01:'0 
n. I 4 4  
0. l l t i i l ' i  
Il.OhL,li 
ri. nht\? 
0.i1403 
l b . t l < j ( >  

0.11.")11 

0. I1 ,141 

O..'O" 
0. I149 

0,01,,2P, 
io. 31 5 
0.1 i: 
o. i )I:? 

I,. lOi! 
(I. llii-( ' >  
r\.1,7 " I  

(1. 111 ,!l 

I 1 , IW l  

l ) . l l ' >  13 
0. 31 3 
0. l i ' ,  
0. I 1,. ' 
u.1111. 
o . ( l l ~ ~ l ' ,  
n. n'i, ' O  

(1. I!(> ill 

fJ.lJ'ih5 

PERIWERAL 
WALL 
SPEED 

No, 

40 
73 

120 
175 

73 
1 4 4  

40 
73 
90 

120 
1 4 4  
175 
200 
?40 

40 
73 

120 
175 

40 
73 
90 

120 
1414 
175 
700 
:'40 

40 
' I  3 
"2 

1:'o 
1 A!, 
I 7 i 
.'no 
:'bo 
140 
56 

I I ?  
l i H  

4 0 

' I  3 
90 

120 
144 
l ' i5 
:'Oo 
?:'<I 

140 

7 i  
90 

1 Y! 
1 14 I 4  

1 i', 
. '<!I1 

;?hn 

4 0  

JIO 

~ / l l  

INNER 
TUBE 
SPEED 

Ni, hPM 

- 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
n 
0 
0 
0 
0 
0 
0 
0 
n 
0 
0 
0 
0 
U 

0 
l i  

0 
0 

[I 
( 1  

0 
n 
n 
r i  
n 
0 
0 
I1 

0 
U 
0 
t i  

n 

n 
(1 

I) 
(1 

0 
0 
(1 

0 
I! 

FLOW 
CENTRAL 

REGION 
r = O t o  

about 
2 . 5  i n .  - 

0 
0 
L 
L 
T 
L 
T 

1 

I 
I 
I ,  

'EhIlS* 
OUPEK 
REGION 
= 2 . 5  t r  

>.a 11,. 
I 

I 

t 
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FIG. 2 
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FIG. 3 
SKETCHES OF FLUID INJECTION METHODS USED 

IN ROTATING-PERIPHERAL-WALL VORTEX TEST APPARATUS 
a) B A S I C  VORTEX CONFIGURATION 

F L U I D  INJECTION THROUGH T H R U  - F L O W  PORTS 

F L U I D  I N J E C T I O N  T H R O U G H  I N N E R  POROUS T U B E  

b )  A X I A L -  F L O W  VORTEX CONFIGURATION 

F L U I D  I N J E C T I O N  THROUGH I N N E R  POROUS T U B E  

F L U I D  I N J E C T I O N  THROUGH P E R I P H E R A L  W A L L  

F L U I D  INJECTION THROUGH P E R I P H E R A L  W A L L  AND INNER POROUS T U B E  

35 
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FIG. 5 

TYPICAL PART CLE-TRACE PHOTOGRAPH 

F L O W  ROTATION 
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FIG. 6 

THEORETICAL RAD1 AL- OUT FLOW TANGENTIAL VELOCITY PRO FILES 
FOR ROTATING FLOWS WITHOUT SUPERIMPOSED AXIAL FLOW 

(“r -9 v+ u r 

P*‘ IF Rorlp AND p a / p  ARE INDEPENDENT OF RADIUS, nr = 2 - R o , , ~ /  7 

FOR LAMINAR FLOW, p * / ~ = l . O  
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v) 
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U 
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0 I 2 3 

RADIUS, r - IN. 
4 5 
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FIG 7 

COMPARISON OF TYPICAL FLOW PATTERNS IN ROTATING - PERIPHERAL-WALL 
AND 2144- PORT- INJECTION VORTEX TUBES 

BASIC VORTEX CONFIGURATION 

STATIONARY END WALLS 

SEE FIG. 8 FOR CORRESPONDING TANGENTIAL VELOCITY PROFILES 

FLOW ROTATION 

n 

a) ROTATING - PERIPHERAL-WALL VORTEX TUBE, 
No = 73 RPM 

Re, =O Re+,o = 120,000 
NO INNER POROUS TUBE 

b) 2144-PORT - INJECTION VORTEX TUBE 

Re, = 0 Ret,j = 120,000 
NO INNER POROUS TUBE 

Re, = - 20 Re+,o = 80,000 
FLUID INJECTION THROUGH STATIONARY 

INNER POROUS 

Re, = -20 Ret, j  = 80,000 
FLUID INJECTION THROUGH STAT1 ONARY 

INNER POROUS TUBE 
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FIG. 0 

COMPARISON OF TYPICAL TANGENTIAL VELOCITY PROFILES 

AND 2144 -PORT-INJECTION VORTEX TUBES 
IN ROTATING - PERIPHERAL-WALL 

BASIC VORTEX CONFlGURATlON 

STATIONARY END WALLS 

SEE FIG. 7 FOR CORRESPONDING FLOW PATTERNS 

Re, = 0, NO INNER POROUS TUBE 

Re, = - 2 0 ,  FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE 
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FIG 9 

COMPARISON OF TYPICAL FLOW PATTERNS FOR FLUID INJECTION THROUGH 
THRU - FLOW PORTS AND THROUGH STATIONARY INNER POROUS TUBE 

BASIC VORTEX CONFIGURATION 

RADIAL REYNOLDS NUMBER, Re, = - 3 0  
PERIPHERAL-WALL SPEED, No = 73 RPM 

TANGENTIAL REYNOLDS NUMBER, Re+,o = 120,000 

FLOW ROTATION 

a) FLUID INJECTION THROUGH THRU-FLOW PORTS b) FLUID INJECTION THROUGH STATIONARY 
INNER POROUS TUBE 

STATIONARY END W A L L S  STATIONARY END WALLS 

ROTATING END W A L L S  ROTATING END W A L L S  
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FIG, I O  

COMPARISON OF TYPICAL FLOW PATTERNS FOR STATIONARY AND 
ROTATING END WALLS 

RADIAL REYNOLDS NUMBER, Re, = -30 
FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE 

PERIPHERAL- WALL  SPEED, N,=73 RPM 

TANGENTIAL REYNOLDS NUMBER, Re+,o = 120,000 

FLOW ROTATION 

n J 

a )  STATIONARY END WALLS 

DYE NEAR CENTER 

\ 

b) ROTATING END WALLS 

DYE NEAR CENTER 

DYE NEAR MID-RADIUS DYE NEAR MID-RADIUS 
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FIG. I 1  

COMPARISON OF T Y P I C A L  TANGENTIAL VELOCITY P R O F I L E S  
FOR STATIONARY AND ROTATING END WALLS 

BASIC VORTEX CONFIGURATION 

RADIAL REYNOLDS NUMBER, Re, = -30 

FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE 

PERIPHERAL-WALL SPEED, No f 73 RPM 

TANGENTIAL REYNOLDS NUMBER, Re+,o = 80,000 

SEE FIG. IO FOR CORRESPONDING FLOW PATTERNS 
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Y 
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0 I 2 3 
RADIUS, f - IN. 

4 5 
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FIG. 12 

SUMMARY OF LAMINAR AND TURBULENT FLOW CONDITIONS 
OBSERVED IN BASIC VORTEX CONFICURATION 

ROTATING - PERIPHERAL-WALL VORTEX TEST APPARATUS 

ROTATING END WALLS 

FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE 
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0 0 0 0  0 
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1 I I 1 I I I 

5 0  75 100 125 150 175 200 
PERIPHERAL- WALL SPEED , No - RPM 
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I - 
FIG. 13 

I 

EFFECT OF PERIPHERAL-WALL SPEED ON AXIAL EXTENT 
OF TURBULENCE 

BASIC VORTEX CONFIGURATION 

ROTATING END WALLS 

RADIAL REYNOLDS NUMBER, Re, = - 4 5  

FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE 

l a) PERIPHERAL-  WALL SPEED, No :73RPM; TANGENTIAL REYNOLDS NUMBER, Re,,o : 1 2 0 , 0 0 0  

b) PERIPHERAL-WALL SPEED, No = 156 RPM; TANGENTIAL REYNOLDS NUMBER, Ret,o = 256,000 

45  



FIG. 14 

COMPARISON OF TANGENTIAL VELOCITY PROFILES FOR TWO DIFFERENT 
RADIAL REYNOLDS NUMBERS LEADING TO PARTLY TURBULENT 

AND COMPLETELY LAMINAR FUW PATTERNS 

BASIC VORTEX CONFIGURATION 

ROTATING END WALLS 

FLUID INJECTION THROUGH STATIONARY INNER PoRoUS TUBE 

PERIPHERAL-WALL SPEED, No 73 RPM 

TANGENTIAL REYNOLDS NUMBER, R o ~ , ~  8 0 , O o ~  

5 

4 

I- 
& 
I 

I 

5 0 
I 2 3 4 0 

RADIUS, r -IN. 
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FIG. I5 
FLOW PATTERNS NEAR RIGHT END WALL SHOWING FLOW INTO AND 

OUT OF END- WALL BOUNDARY LAYER 

BAS1 C VORTEX CON FIG UR AT ION 

ROTATING END WALLS 

RADIAL REYNOLDS NUMBER, Re, = -15 
FLU1 D INJECTION THROUGH STATIONARY INNER POROUS TUBE 

PERIPHERAL-WALL SPEED, No = 110 RPM 
TANGENTIAL REYNOLDS NUMBER, Re+,o = 117,000 

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION THROUGH INNER POROUS TUBE 

DISTANCE FROM RIGHT END WALL, z -IN. 
6 5 4 3 2 1 0  

I 

t = 150 SEC 
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FIG. 16 
VARIATION OF LOCAL RADIAL REYNOLDS NUMBER WITH RAMUS 
AT AXIAL MID- PLANE FOR FLOW PATTERNS SHOWN IN FIG. 15 

BASIC VORTEX CONFIGURATION 

ROTATING END WALLS 

RADIAL REYNOLDS NUMBER, Ro, -15 

FLU0 INJECTION THROUGH STATIONARY INNER POROUS TU# 

PERIPHERAL-WALL SPEED, No : 110 RPM 

TANGENTIAL REYNOLDS NUMBER, : 117,000 

-6 

c 
0 I 2 3 4 

RADIUS, f - IN. 
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FIG. 17 
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FIG. 18 

RADIAL OUTFLOW IN LAMINAR BOUNDARY LAYER ON A 
ROTATING DISK 

3 -1/2 THEORETICAL EOUATION: OL 0 .886rr  wRct FOR FLOW PUMPED RADIALLY OUTWARD. BY ROTATING DISK 

LETTING OL : OT AND SUBSTITUTING IN ABOVE EOUATION, OT= R e r 2 r v L ;  w = Re,v/r 

1/2 
THUS, FLOW IN BOUNDARY LAYER IN TERMS OF Re, IS Re, = 0.886rRet /2L 
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FIG. 19 

EFFECT OF 
INNER P 

END -WALL ROTATION ON FLOW PATTERNS WITH 
ROUS TUBE AND PERIPHERAL WP .L ROTATING 

AT LOW SPEEDS 

BAS IC VORTEX C 0 N F I GU R AT IO N 

RADIAL REYNOLDS NUMBER, Re, = - 4 5  
FLUE INJECTION THROUGH ROTATING INNER POROUS TUBE 

PERIPHERAL - WALL SPEED, N o  = 7 3  RPM 

TANGENTIAL REYNOLDS NUMBER, Re,,o = 120,000 

N,/N, = 1 

INNER - POROUS-TUBE SPEED, N ,  ' 7 3  R P M  

FLOW ROTATION 
n 

J 
a) STATIONARY END WALLS 

DYE NEAR CENTER 

\ 
b) END WALLS ROTATING WITH PERIPHERAL WALL 

DYE NEAR CENTER 

L Y E  h E A R  M I ? -  RADIUS DYE NEAR MID-RADIUS 
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FIG 20 
EFFECT OF END-WALL ROTATION ON FLOW PATTERNS WITH 

INNER POROUS TUBE AND PERIPHERAL WALL ROTATING 
AT HIGH SPEEDS 

BASIC VORTEX CONFlGURATl ON 

RADIAL REYNOLDS NUMBER, Re, = - 4 5  
FLUID INJECTION THROUGH ROTATING INNER POROUS TUBE 

PERIPHERAL - W A L L  SPEED, No  195 RPM 

TANGENTIAL REYNOLDS NUMBER, Ret,o = 320,000 

No / Ni zz 0.3 
INNER-  POROUS-TUBE SPEED,  N; = 600 

J 
a) STATIONARY END WALLS 

DYE NEAR CENTER 

FLOW ROTATION 

7 
b) END WALLS ROTATING WITH PERIPHERAL WALL 

DYE NEAR CENTER 

DYE NEAR MID- RADIUS DYE NEAR . MID - RADIUS 
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FIG, 21 

FRKTION OF TOTAL FLOW INJECTED THROUGH PERIPHERAL WALL 
FOR DIFFERENT COMBINATIONS OF Re, AND Re,,, 

AXIAL- FLOW VORTEX CONFIGURATION 

ROTATING - PERIPHERAL- WALL VORTEX TEST APPARATUS 
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AXIAL-FLOW REYNOLDS NUMBER, ReZ,,,, 
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FIG 22 

EFFECT OF END-WALL ROTATION ON FLOW PATTERNS FOR FLUID 
INJECTION ONLY THROUGH STATIONARY INNER POROUS TUBE 

A X I A L  - FLOW VORTEX CONFIGURATION 

RADIAL REYNOLDS NUMBER, Re, = - 4 5  

AXIAL -FLOW REYNOLDS NUMBER, Re,,, = 1310 
RATIO OF AVERAGE A X I A L  VELGCITY TO PERIPHERAL-WALL VELOCITY, 

PERIPHERAL- WALL 

vz,w / V+p'0.0109 
SPEED, N o =  73  RPM 

TANGENTIAL REYNOLDS NUMBER, Re+,o = 120,000 

FLOW ROTATION 

a) STATIONARY END WALLS 

DYE NEAR CENTER 

b) ROTATING END WALLS 

DYE NEAR CENTER 

DYE NEAR M I D - R A D I U S  DYE NEAR MID-RADIUS 



EFFECT OF AX 
FOR FLUID 

01 Re,,,= 1310 

No = 73 RPM 

Re+,o = 120,000 

- 
VZ,, /v+p= 0.0 IO9 

b) Re,,, = 14,000 

No = 40 RPM 
Re = 67,000 

- 
Vz,w/V+,o=O. 209 

t o  

c) Re,,, = 21,000 
- 
Vz,w/V+,o=O 175 
No = 73 RPM 
Re,.,, = 120,000 

FIG 23 
AL-FLOW REYNOLDS NUMBER ON FLOW PATTERNS 
INJECTION ONLY THROUGH PERIPHERAL WALL 

A X I A L -  FLOW VORTEX CONFIGURATION 

STATIONARY END W A L L S  
RADIAL  REYNOLDS NUMBER, Re, = 0 

STATIONARY INNER POROUS TUBE 

FLOW ROTATION n 
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FIG. 24 
EFFECT OF A X I A L - F L O W  REYNOLDS NUMBER ON FLOW P A T T E R N S  

WITH FLUID INJECTION THROUGH BOTH PERIPHERAL WALL AND 
STATIONARY INNER POROUS TUBE 

A X I A L -  FLOW VORTEX CONFIGURATION 
STATIONARY END W A L L S .  

R A D I A L  REYNOLDS N U M B E R ,  Re ,= -45  

SEE FIG 21 FOR FRACTION OF FLOW I N J E C T E D  T H R O U G H  PERIPHERAL W A L L  

FLOW ROTATION 

Re,,, = 2620 
- 
vz,w/v+,o: 0 0109 

No = 144 RPM 

R e + , o :  2 4 0 , 0 0 0  

b) Rezlw: 14,000 

Vz , / V+ ,oz 0 . 0 7 4  5 

No = 112 RPM 

Re+,o 188,000 
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FIG. 25 
EFFECTS OF AXIAL-FLOW REYNOLDS NUMBER AND FLUID INJECTION METHOD 

ON FLOW PATTERNS WITH INNER POROUS TUBE ROTATING 

AX I A L  - FLOW VORTEX CONF IGU RAT1 ON 

RGTATING END VVALLS 

FLGA' RbTATIb14 

/-\\ 

a) FLUID INJECTION ONLY THROUGH ROTATING INNER POROUS TUBE 

Re,,,= 1310 

Re, = - 4 5  
No = 73 RPM 

Re+,o = 120,000 
N, = 500 R P M  

- 
v,,, / v+,. = 0 0 I O 9  

b) FLUID INJECTION ONLY THROUGH PER1 PHEHAL WALL 

Re,,, = 21,000 

Re, = 0 
No = 73 RPM 

Re+,o = 120,000 
N, = 500 RPM 

- 
v,,w/v,+o =0.17 5 

C) FLUID INJECTION THROUGH BOTH PERIPHERAL WALL AND INNER POROUS TUBE* 

Re,,, = 14,000 

Vz,,/V+,o = 0 . 0 4 9 8  
Re, = - 4 5  
No = 168 RPM 
Re+,o = 280,000 
N, = 6 0 0  RPM 

- 

*SEE FIG 2 1  FOR FRACTION OF FLOW INJECTED 
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FIG. 26 

SUMMARY OF LAMINAR AND TURBULENT FLOW CONDITIONS 
OBSERVED IN AXIAL- FLOW VORTEX CONFIGURATION 

ROTATING -PERIPHERAL - WALL VORTEX TEST APPARATUS 

BOTH STATIONARY AND ROTATING END WALLS 
STATIONARY INNER POROUS TUBE 

ALL VALUES OF RADIAL REYNOLDS NUMBER, Re, 

SYMBOL TYPE FLOW 

0 LAMINAR I N  CENTRAL REGION 

A TURBULENT 

X OSCILLATING LAMINAR AND TURBULENT 

I a RADIAL INFLOW, LAMINAR I 
I 

0.5 

0.2 

0.1 

0.05 

J J  

a ; 0.02 
a 

Q X  LY a 0.01 
> a  
a w  

5 s  

:: 
X 

w -  

a. 
0.005 

0.002 

0.001 5 
lo5 

2 5 2 5 2 
IO2 I o3 IC? 

A X I A L  - FLOW REYNOLDS NUMBER, ReZ,w 
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FIG, 2 7  

TYPICAL OSCILLAT NG LAMINAR AND TURBULENT FLOW PATTERNS 

A X I A L -  FLOW VORTEX CONFIGURATION 

SEE FIG. 26 FOR COMBINATIONS OF Rez,w AND ~‘,,,/V,#,,LEADING TO THESE FLOW PATTERNS 

FLOW RETURNS TO PATTERN a) AFTER APPROXIMATELY 45 SEC I N  PATTERN b) 

F L O W  ROTATION 
n 

a )  BEFORE ONSET OF LARGE EDDIES 

b )  AFTER ONSET OF LARGE EDDIES 

59 



FIG. 28 

COMPARISON OF TYPICAL RADIAL OUTFLOW AND RADIAL INFLOW 
FLOW PATTERNS IN  ROTATING-PERIPHERAL- WALL  VORTEX 

TEST APPARATUS 

AXIAL - FLOW VORTEX CONFIGURATION 

a )  RADIAL  OUTFLOW: Rezlw= 14,000, ~z,w/V+p=0.15, Re, = -45 ,  No : 56 RPM, Ret,,:93,000, 

FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE 

b) R A D I A L  INFLOW: Rez,w:16,000, vzF/V+p=0.25, Re, : 90, No : 40 RPM, Ret,o = 67,000; 

FLUID INJECTION THROUGH PERIPHERAL W A L L  AND FLUID WITHDRAWAL 

THROUGH THRU-FLOW PORTS AT CENTERS OF END WALLS 
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FIG. 29 

SKETCHES OF FLUID INJECTION METHODS USED 
IN 2144 -PORT- INJECTION VORTEX TUBE 

NOTf: FLUID W!S ALSO INJECTED THROUGH PERIPHERAL WLL IN ALL CONFIGURATIONS !j" BEUW 

a) BASIC VORTEX CONFIGURATION 
FLUID INJECTION THROUGH INNER POROUS TUBE 

WITHDRAWAL THROUGH FOUR PERIPHERAL 
1 I 1 I 1 l I l t I t l P - r -  BYPASS PLENUMS 

INJECTION THROUGH 2144 PORTS AT ANGLE 
OF 19 DEG WITH PERIPHERAL WALL 

FLUID INJECTION THROUGH INNER POROUS TUBE AND END-WALL SUCTION 

1 1 1 1 1 1 1 1 1 1 1 1 1 1  
V i ' t l t I t l t ' t 1  WITHDRAWAL THROUGH 3/8-IN.-WIDE SUCTION / ANNULUS ATRADIUS O F 3  IN. 

(BOTH END WALLS) c- 

I !  1 1 1  l l , 1 1 I I I I I  - - ------------- 

b) AXIAL-  FLOW VORTEX CONFIGURATION 
FLUID INJECTION THROUGH INNER POROUS TUBE 

INJECTION THROUGH 2144 PORTS AT ANGLE 

(NO PERIPHERAL BYPASS WITHDRAWAL) 
OF 19 DEG WITH PERIPHERAL WALL 

------------- 
TANGENTIAL FLUID INJECTION THROUGH FOUR I-IN.-LONG JET SLOTS AT NONAXIAL-FLOW END WALL 

(SLOT EXTENDING FROM r = 0.75 IN. TO r =l.75 IN.) 



- -1 

FIG. 30 

EFFECT OF INNER POROUS TUBE ROTATION ON FLOW PATTERNS 
IN 2144- PORT- INJECTION VORTEX TUBE 

BASIC VORTEX CONFIGURATION 

RADIAL  REYNOLDS NUMBER, Re, = -60 

FLUID INJECTION THROUGH INNER POROUS TUBE 

TANGENTIAL INJECTION REYNOLDS NUMBER, Re,,] = 120,000 

INJECTION VELOCITY, VI = 3 16 FT/SEC TANGENTIAL 

FLOW ROTATION 

a) INNER POROUS TUBE SPEED, N i  = 0 RPM b) INNER POROUS TUBE SPEED, N i = 4 0 0  RPM 

C )  INNER POROUS TUBE SPEED, Ni=1200 RPM d) INNER POROUS TUBE SPEED, Ni =2000 RPM 
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FIG. 31 

EFFECT OF INNER POROUS TUBE ROTATION ON TANGENTIAL VELOCITY 
PROFILES IN 2144 -PORT- INJECTION 0 VORTEX TUBE 

BASIC VORTEX CONFIGURATION 

RADIAL REYNOLDS NUMBER, Re, = -30 

FLUID INJECTION THROUGH INNER POROUS TUBE 

TANGENTIAL INJECTION REYNOLDS NUMBER, Re,, , : 120,000 
TANGENTIAL INJECTION VELOCITY, Vj = 3.16 FT/SEC 

0 I 2 3 4 5 
RADIUS , r - I N. 
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TYPICAL MULTIPLE-VORTEX FLOW PATTERNS IN 2144- PORT- 
INJECTION VORTEX TUBE WITH FLOW WITHDRAWAL THROUGH 

END - W A L L  SUCTION ANNULUS 

BASIC VORTEX C O N F I G U R A T I O N  

TANGENTIAL  I N J E C T I O N  REYNOLDS NUMBER, Re,,) = 120,000 
TANGENTIAL  INJECTION VELOCITY, Vj 3 16 F T / S E C  

SEE FIG 290FOR D E T A I L S  OF SUCTION ANNULUS CONFIGURATION 

a )  E N D -  W A L L  SUCTION RADIAL  REYNOLDS NUMBER, Re,,,- 135 

FLOW ROTATION 

Re, = - 4 5  

N i  = 0 RPM 

b) E N D - W A L L  SUCTION RADIAL REYNOLDS NUMBER, Re,.,= 75 

FLOW ROTATION 

Re, 0 

N i  = 800 RPM 
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FIG. 33 
TYPICAL TANGENTIAL VELOCITY PROFILES IN 2144 -PORT -INJECTION 

VORTEX TUBE WITH FLOW WITHDRAWAL THROUGH 
END-WALL SUCTION ANNULUS 

CURVE 

A‘ 

BASIC VORTEX CONFIGURATION 

Re,,, Re, Ni - RPM 

75 0 8 00 

TAhlGEhlTlAL INJECTION REYNOLDS NUMBER, Re, , ,  : 120,000 

TANGENTIAL INJECTI,.hr VELOCITY, Vi = 3.16 FT/SEC 

SEE FIG. 290 FOR DETAILS OF SUCTION ANNULUS CONFIGURATION 
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RADIUS, r - IN. 
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FIG. 34 

COMBINATIONS OF FLOW CONOITIONS THAT PROWCE 
MULTIPLE -VORTEX FLOW PATTERNS 

BASIC VORTEX CONFIGURATION 

2144 -PORT - INJECTION VORTEX TUBE WITH END- WALL SUCTION ANNUWS 

TANGENTIAL INJECTION REYNOLOS NUMBER, ROt,j : 120,OOO 

TANGENTIAL INJECTION VELoClTY , Vj : 3.16 FT/SEC 

SEE FlG.290 FOR DETAILS OF SUCTION ANNULUS CONFIGURATION 

a )  INNER POROUS TUBE aPEED, Ni 0 RPM 
160 

I20 

4 b )  INNER POROUS TUBE SPEED, Ni = 800 RPM 

J 

0 z w 

40 

0 
0 - 20 -40 - 60 -80 -100 

RADIAL REYNOLDS NUMBER, Re, 

66 



FIG. 35 

EFFECT OF INNER POROUS TUBE ROTATION ON MULTIPLE-VORTEX 
FLOW PATTERNS 

BASIC VORTEX CONFIGURATION 

2144 -PORT-  INJECTION VORTEX TUBE WITH END-  W A L L  SUCTION ANNULUS 
TANGENTIAL INJECTION REYNOLDS NUMBER, Re+,, = 120,000 

RADIAL REYNOLDS NUMBER, Re, = -75 

END-WALL SUCTION RADIAL  REYNOLDS NUMBER, Re,,, = 150 

TANGENTIAL INJECTION VELOCITY, Vj = 3.16 FT/SEC 

SEE FIG. 290 FOR DETAILS OF SUCTION ANNULUS CONFIGURATION 

FLOW ROTATION n 
a) INNER POROUS TUBE SPEED, Ni = 400 RPM 

b) INNER PGROUS TUBE SPEED, Ni = 800 RPM C )  INNER POROUS TUBE SPEED, Ni  = 1200 RPM 
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EFFECT OF ‘TANGENTIAL INJECTION THROUGH SLOTS IN 
FLOW END W A L L  ON FLOW PATTERNS IN 2144-PORT- 

VORTEX TUBE 

A X I A L -  F L O W  VORTEX CONFIGURATION 

RADIAL REYNOLDS NUMBER, Re, 0 

TANGENTIAL INJECTION REYNOLDS NUMBER, R e , , ,  = 120,000 
TANGENTIAL INJECTION VELOCITY,  VI 3 16 FT ISEC 

NO INNER POROUS TUBE 

SEE FIG 29b FOR DETAILS OF END-WALL INJECTION CONFIGURATION 

FLOW ROTATION n 
a )  END-WALL INJECTION RADIAL REYNOLDS 

NUMBER, Re,,i = 0 

C )  END-WALL INJECTION RADIAL REYNOLDS 
NUMBER, Rer,i 50 

NONAX 
N JECT 

FIG. 36 

A L -  
ON 

b) END-WALL INJECTION RADIAL REYNOLDS 
NUMBER, =25 

d )  END-WALL INJECTION RADIAL REYNOLDS 
NUMBER, Re,,i = 80 
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